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FOREWORD 


This edition of the Shuttle/Spacelab Contamination Environment and 
Effects Handbook was prepared by Martin Marietta Denver Aerospace under 
contract NAS8-35770. The information presented in this Handbook consists 
of the data available at the time this edition was published. Indications 
of errors, omissions or additional data appropriate for inclusion are 
requested. Please address these or other comments to: 


Richard M. Payton 

Martin Marietta Denver Aerospace, D1741 
P.0. Box 179 
Denver, Colorado 80201 
(303) 971-5798 


or 


Edgar R. Miller, ES61 

Marshall Space Flight Center, AL 35812 

(205) 544-7752 

FTS 824-7752 


Such corrections will be incorporated in the final update of this Hand- 
book, scheduled for late 1986. 
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Tracking and Data Relay Satellite System 

Total Ion Current 

Temperature-Controlled Quartz Crystal Microbalance 

Thermal Radiation Analysis System 

Tail To Sun 

Thermal Vacuum 

United States Air Force 

Ultraviolet 

Vertical Assembly Building 
Vandenberg Air Force Base 
Vehicle Airglow Experiment 
Visibly Clean 
Viewf actor 
Visible 

Vandenberg Launch Site 
Vernier Reaction Control System 
Venus Radar Mapper 
Vertical Processing Facility 
White Sands Test Facility 
X Local Vertical 

X-ray Photoelectron Spectroscopy 

Y Velocity Vector 

Y Perpendicular to Orbital Plane 

Y Velocity Vector 
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Y Velocity Vector 
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Scattering, amount of material 
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Time 


xiii 


Symbols (cont.) 


t 

T 

v 

v 

V 

v/v 

W 

w/1 

+X 

+Y 

+Z 

a 

a S 

y 

A 

e 

6 

X 

y 

ym 

v 

p 

a 

^ss 

> 

17 


Time 

Temperature, transmittance 
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Section 1— Introduction 


SECTION 1 


INTRODUCTION 


1.1 PHILOSOPHY OF HANDBOOK AND INTENDED USE 

The information in this Handbook is intended to assist users of the 
Spacelab (SL) scientific platform on the Space Transportation System 
(STS). It will assist experimenters to incorporate into their experimen- 
tal design and procedures features that will minimize the impact of con- 
tamination on the performance of their own and other experiments. The 
contamination information is presented in sufficient detail for use by 
most experiments. Extensive references, bibliographies, and contacts are 
provided for use by those experimenters who need more detailed information. 


1.2 SCOPE AND APPLICABILITY 

The term contamination, as used in this Handbook, refers to both 
molecular and particulate matter, either deposited on or within the field- 
of-view (FOV) of a surface and at a level sensible by the instrument or 
surface. Contamination during all phases of hardware life is addressed. 
These phases are preintegration (design, manufacture, assembly, test and 
shipment to the STS launch site), integration (STS launch site activities 
prior to launch), ascent (the period from STS engine ignition to payload 
bay (PLB) door opening), orbit (the period during which the PLB doors are 
open), descent (from PLB door closure to landing site touchdown), post- 
landing (ground operations prior to PLB opening, including ferry flight), 
and de-integration (removal from the PLB and post-flight checkout). Mea- 
sured and anticipated contamination levels, contamination models, contami- 
nation effects and protection methods are presented. The available data 
for facilities at both Kennedy Space Center (KSC) and Vandenberg Air Force 
Base ( VAFB) are presented. This material will be updated as additional 
data is obtained. 

Table 1-1 shows a summary of STS flights up to the time of the pub- 
lication of this Handbook. As shown in the table, there have been a num- 
ber of recent flights for which no contamination data are available. Some 
data may become available from these flights in the future, but the na- 
ture, extent, and schedule for these data are unknown. 

addition to contamination, the effects of the space environments 
at STS altitudes on spacecraft materials are included in the Handbook. 
The environments included are atmosphere-induced mass loss (most likely 
due to atomic oxygen), glow of spacecraft surfaces, other atmospheric 
influences (density, species, temperature, drag), plasma, electromagnetic 
and particulate radiation, and magnetic and electric fields. 
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1.3 USER'S GUIDE 


Wherever practical, the information presented in the Handbook has 
been organized into data, model, protective measures and reference sec- 
tions. This will help users to find specific information concerning an 
environment of interest. 

Examples of the use of data, models, and effects information are 
provided wherever appropriate. 

Figure 1-1 shows an overall evaluation flow for the environments 
discussed in this Handbook. The initial step of the flow (regarding STS / 
SL contamination control requirements) deals with interface requirements 
such as outgassing limits for nonmetallic materials, external cleanliness, 
orbital venting limitations, and other environmental interface require- 
ments. These types of requirements are not covered in detail in this con- 
text, since such requirements are dealt with in the experiment interface 
documentation. Rather, the Handbook is intended for use by an experimen- 
ter to determine the effects, if any, of contamination upon his hardware 

For contamination evaluation, the flow depicts three general areas 
of concern: changes in the optical properties (solar absorptance, emit- 

tance, reflectance, transmittance, etc.); molecules or particles within 
the FOV of an instrument while on orbit; and mechanical or electrical 
interference in the operation of experiment hardware. For some experi- 
ments, such as the Isotopic Stack-Measurement of Heavy Cosmic Ray Isotopes 
of SL-1, which consist of a passive stack of visual track detectors, a 
brief examination of the data herein may indicate that the STS/SL contami- 
nation environment is not a concern. For other experiments, the initial 
evaluation may indicate a potential for contamination susceptibility. The 
suggested course in this case is parallel for each area of contamination 
effects. The degrees of degradation of performance tolerable by the 
experiment, and the levels of contamination and corresponding effects, 
using the information from this Handbook, should be predicted. The allow- 
able degradations may then be compared to the predicted levels and ef- 
fects. If an incompatibility appears, the experiment designer may inves- 
tigate protective measures for his hardware, also presented herein. 

An important contamination concern which cannot be addressed herein 
involves mission compatibility of payload and experiments to avoid cross 
contamination, and compatibility of operational timelining to avoid unde- 
sirable exposure during periods of higher contamination levels (e.g., 
first few hours on orbit, dumps and vents, engine firings, high payload 
bay temperatures). If the above evaluation demonstrates a sensitivity to 
contamination, experimenters are urged to bring this to the attention of 
the mission management so that potential deleterious effects can be mini- 
mized. 


In the areas of materials oxidation, glow, and other natural envi- 
ronments encountered while on orbit, a similar approach is suggested. 
Less detailed analysis flows for these environments are shown in Figure 
1-1, in keeping with the limited available data for oxidation and glow 
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effects, and the limited depth of presentation of other environments 
within the scope of this Handbook. 

Figure 1-2 shows the Space Shuttle Orbiter with a standard coordi- 
nate system. As noted in the figure, coordinates used by the Induced 
Environment Contamination Monitor (IECM) differ, in that X 0 = -X 0 and 
Z = -Z 0 . 
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Figure 1-2 Shuttle Orbiter Configuration and Coordinates 






Section 2— Contamina- 
tion Environment and 
Effects 


SECTION 2 

SHUTTLE CONTAMINATION ENVIRONMENT AND EFFECTS 


As stated previously, the term contamination refers to molecular 
and particulate matter, both deposited on and within 
surfaces. 


the f ield-of-view of 


Par V cu ] fte contamination includes solid and liquid particles 
Monin 9 partlcles suspended in the air of ground facilities is tradil 
t onaHy the primary concern for particulate contamination. Particles may 
so migrate from one surface to another, however, durinq the dvnamir 
environmenls eac.wi'ered in STS launcn and orbital operaS/ The^crews 

the STS' Pll ’dur inTshuttTe' VlT^s? ° n th * quantities of " art1c ' es >“»1ng 

s Urf aceI^Son f «iV, ^ « 

tance and specular and spectral properties. Experimenters have ™me 
control over exposure to airborne particles while their hardware is on the 

9™ und » mdy I lmit the number of Particles deposited on a surface 
through the use of covers, cleaning operations, selection of facilities 

t J° nS ° n exposure times. Control over particle contamination 

inJinL ST L i aUnC K h i and orbltal operations is more difficult to enact, but 
include deployable covers, surface orientation selection, experiment 
design, and cleanliness of adjacent surfaces. 

with P * rtic1 ®! w1thin the f ield-of-view of experiments can interfere 

til plr ° h SJL"" a9 f S . and 0pt,cs used for star f1xes . and can increase 
int/iL b ha k9 T ? radiation environment by scattering and emitting light 
into the bay. Individual experiments may have little or no control over 

Mnn 1C r>f eS , thei 1 r f ield-of-view. Protective measures include imposi- 

tion of stringent cleanliness requirements upon other PLB surfaces and 
scheduling observation times around likely particle generating events* 

rtpnrao initial goal of any experimenter should be to determine the 
degree °f contamination control necessary. This is found by determining 
ultimate sensitivity of the experiment for proper on orbit operation, 
unce determined, the experimenter can then establish the necessary con- 
trols. Sensitivities can be compared with data herein to determine if the 

t^hl m c?c/? ( be hi9hly sensitive ’ moderately sensitive, or insensitive 
to the STS/SL environment. Depending on the results additional protective 
measures may be required, or no unique control may be necessary. 

hnth Molecular contamination is also a concern from the standpoint of 
both f ield-of-view interference and deposition effects. Molecular deposi- 
tion is likely to occur both on the ground and on orbit. Molecules 
released by paints, solvents, nonmetallic materials, and other sources can 
be carried by facility air to sensitive surface on the ground. Cleaning 

Hfnnc]?]L Can alS0 be + ? sourc e Of ground molecular contamination. Orbital 
deposition can occur through direct transport from sources (direct flux) 

or through scattering. Scattering by surfaces is termed reflection, scat- 
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tering by contaminant molecules is termed self-scattering, and scattering 
by ambient molecules is termed return flux. 

Effects of molecular deposits include changes in surface optical 
properties (solar absorptance, transmittance, reflectance, diffraction 
through droplet formation, etc.). Field-of-view molecular effects include 
electromagnetic emission, absorption and scattering. 


2.1 EXPERIMENT DESIGN, ASSEMBLY AND PREINTEGRATION CONTAMINATION 

Ground activities establish the background contamination levels for 
space hardware. The design of hardware influences the hardware's suscep- 
tibility to contamination and its cleanabi lity. The design and the selec 
tion of materials determine the hardware's propensity for self-cont ami na- 
tion or cross-contamination of other payloads. n T he facilities and activi- 
ties the hardware endures contribute to the cleanliness level present at 
the time of launch. Cleaning activities while on the ground enhance the 
cleanliness of hardware, but are never completely successful in removing 
all contanfi nants. Design, material selection, protection teciiniqnes and 
selection of facilities for ground activities are all important, there 
fore, in ensuring performance on orbit. 

Each individual piece of experiment hardware will follow a unique 

path through manufacturing, assembly and test faci 1 g 

ties may be both NASA and experimenter controlled. Guidelines therefore, 
rather than data for specific preintegration facilities are presented 
herein. It is critical that experimenters develop an approach to contami- 
nation control that spans the lifetime of their hardware. |h es uggested 
approach is through the development of a contamination control plan to 
ensure contamination control during all hardware phases. T f h . e 
for initiating contamination control or discovering contamination problems 
upon arrival at the launch site can involve significant time and cost 
impacts. 

2.1.1 Experiment Design 

Required cleanliness levels for desired performance are important 
inputs to the design of hardware for use in space. These include cleanli 
ness of fluid systems, mechanical bearing surfaces, and optical surfaces 
such as lens systems or thermal control surfaces. Should the _ a 
require specific cleanliness levels for proper operation, 
should be given to design options which minimize the effects contamina- 
tion. In the event of no functionally defined requirements, the p ^ware 
still must be visibly clean (VC), as defined in Reference B-l, in order to 
be installed and launched in the Space Shuttle PL8. All hardware should, 
therefore, be designed to facilitate cleaning while at the launch site. 
The design should also preclude areas in which contaminants could 

trapped, since trapped contaminants may be a 9 itat ® d . duri 7 na S JL on other 
flight, and could migrate to sensitive surfaces on the payload or on other 

experiments. 
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A general approach to identifying contamination allowables is to 
begin with acceptable performance degradation levels. Contamination 
effects data and analysis tools are then used to convert the performance 
allowables to allowable contamination levels. These can then be compared 
to predicted or expected contamination environments to evaluate compati- 
bility. Incompatibilities can be dealt with through protection techniques 
or design modifications. 

Nonmetal lie materials used in orbit on SL and STS must meet the 
vacuum outgassing requirements of Reference B-2. In general, this means 
that materials must outgas less than 1 percent of their total weight dur- 
ing 24 hours of vacuum exposure at 125‘C, and less than 0.1 percent of the 
total mass can be collected on a 25 C surface in the standard test 
described in the reference. If materials needed for a specific applica- 
tion do not meet the test criteria, waivers can be considered based on 
quantities used and the proximity of sensitive hardware. The exclusive 
use of qualified materials, however, still does not ensure sensitive sur- 
faces will remain uncontaminated. Use of a low outgassing paint on a sun- 
shade for a highly sensitive optical system, for example, may still depos- 
it unwanted materials on the optics if small quantities of condensibles 
are outgassed. The modeling techniques described in Section 2.3.3 should 
be employed to verify that materials are compatible with their applica- 
tions. References B-l and B-3 provide further guidelines for these and 
other aspects of contamination control during space hardware design. 

2.1.2 Experiment Assembly 

In view of the less than 100 percent efficiency of cleaning opera- 
tions, and the difficulty of designing hardware which provide complete 
access for cleaning and an absence of contamination traps, careful consid- 
eration should be given to the cleanliness of the facilities in which 
components are manufactured, assembled and tested. In general, some form 
of controlled environment, including high-efficiency particulate air 
(HEPA) filters and personnel trained in contamination control is recommen- 
ded for all but the most easily cleaned space hardware. During assembly, 
surfaces should be examined, and cleaned when necessary, prior to becoming 
inaccessible during assembly. Correlations of air and surface cleanliness 
will be provided in Section 2.2 and its subsections. 

2.1.3 Preinteqration 

Preintegration includes checkout and testing of flight articles 
after assembly, and shipment to the launch site. Inadequate contamination 
control provisions during these activities can counteract the benefits of 
precautions taken during manufacture and assembly. 

Hardware can be particularly vulnerable to contamination during 
testing. During any transport operations to test facilities, adequate 
packaging must be provided to protect the equipment. The cleanliness of 
the test facilities should be verified to be compatible with the desired 
cleanliness of the hardware being tested. In the case of new designs or 
state-of-the-art approaches, some sensitive hardware may be the most sen- 
sitive "monitor" to enter a facility. In other words, the traditional 
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methods of measuring contamination may not be able to detect contamination 
levels that could degrade very sensitive hardware. Special care must be 
taken with such designs. 

Guidelines for packaging equipment for contamination control are 
contained in References B-l and B-3. The guidelines apply equally to tem- 
porary packaging for transit between controlled areas and long distance 
shipments. 

2.1.4 Design, Assembly and Preintegration References 

B-l. "Specification Contamination Control Requirements for the Space Shut- 
tle Program", SN-C-0005A, National Aeronautics and Space Administration 
(NASA) Johnson Space Center (JSC), Houston, Texas, January 1982. 

B-2. Leger, L. J., "General Specification Vacuum Stability Requirements of 
Polymeric Materials for Spacecraft Application", SP-R-0022A, NASA JSC, 
Houston, Texas, 9 September 1974. 

B-3. "Contamination Control Handbook", NASA SP-5076, Sandia Labs for NASA 
Marshall Space Flight Center (MSFC), 1969. 
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2.2 STS GROUND FACILITIES CONTAMINATION 


2.2.1 Ground Contamination Overview 


This section provides information on contamination environments in 
the STS ground facilities, and includes environmental data for integration 
facilities, post-landing facilities, ferry flight, and deintegration fa- 
cilities. Recorded data and available models for application of the data 
to actual spacecraft are presented. Data on the effects of contamination 
will be presented in the sections dealing with orbital contamination to 
minimize duplication. 

2. 2. 1.1 STS/SL Processing Flows and Facilities 


Spacelab was designed to use the horizontal flow for integration 
with the STS Orbiter. The KSC ground flow for horizontal payloads is 
shown in Figure 2.2-1 (Ref. C-l). The standard SL ground flow begins at 
the KSC initial receipt location. SL experiments are transported to the 
Operations and Checkout (0 and C) Building for checkout and installation 
of hardware and experiments on the SL modules or pallets. The entire SL 
is then transported via the horizontal canister transporter to the Orbiter 
Processing Facility (OPF) for installation in the Orbiter PLB. After 
installation, the PLB is sealed and the Orbiter is towed to the Vertical 
Assembly Building (VAB), where it is rotated to the vertical position and 
mated with the external tank (ET) and solid rocket boosters (SRB) . The 
PLB remains sealed while in transit and in the VAB. PLB purges are used 
after the PLB is sealed in the OPF, before the Orbiter is transported to 
the VAB, and from the time the Orbiter is mated to the ET and SRBs until 
launch. From the VAB, the STS assembly is transported to the launch com- 
plex. At the launch complex, the PLB may be opened in the Payload Change- 
out Room (PCR) of the Rotating Service Structure (RSS) for final cleaning, 
checkout, or installation of hardware. 

Payloads other than SL, or SL elements not installed on SL in the 0 
and C Building may use other KSC ground flows. Figure 2.2-2 shows ground 
flows for vertical payload processing, mixed payloads, life science pay- 
loads and getaway special (GAS) processing (Ref. C-l). These flows may be 
encountered by special SL hardware, or by systems that fly on both SL and 
other STS flights. Additional facilities used in these processing flows 
are the Solid Motor Assembly Building (SMAB), Explosive Safe Area (ESA) 
60A and the Delta Spin Test Facility (DSTF) (all used for upper stage pro- 
cessing), the Vertical Processing Facility (VPF) (used for stacking verti- 
cal payload assemblies), various other payload processing facilities (PPF) 
(Hangars AE, AM, AO and S), the Life Science Support Facility (LSSF), and 
the Shuttle Payload Integration Facility (SPIF) (Defense Department verti- 
cal payload processing). 

Some SL missions may be high orbital inclination missions flown 
from Vandenberg Launch Site (VLS). Figure 2.2-3 shows the flow and facil- 
ities for VLS payload processing (Ref. C-2). Horizontal payloads (such as 
SL) will be installed into the Orbiter at the Orbiter Maintenance and 
Checkout Facility (OMCF). The Orbiter will then be towed to the Launch 
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Figure 2.2-1 KSC Horizontal Payload Ground Flow ( Ref C-l) 


pad area, where it will be erected on the launch mount (LM) and mated with 
the ET and SRBs. Any vertical payloads will be prepared in the Payload 
Preparation Room (PPR) and transferred to the Orbiter via the Payload 
Changeout Room (PCR). Access to the PLB is provided in the PCR. 

Primary landing sites for STS missions are at KSC and VAFB. After 
landing, the Orbiter is towed to the OPF at KSC, and the OMCF at VAFB, 
where the PLB is opened. SL experiment hardware can then be removed, or 
the SL may be removed intact. At KSC, the intact SL will be transported 
to the 0 and C Building for deintegration. From VAFB, the SL will pro- 
bably be shipped to the KSC 0 and C Building. 

Two alternate landing sites have already been used for STS land- 
ings. These are at Edwards Air Force Base (EAFB)/Dryden Flight Research 
Center (DFRC) and the White Sands Test Facility (WSTF). For landings at 
these or other contingency sites, the PLB may be opened to secure or safe 
the payload. The Orbiter/SL will then be transported to one of the pri- 
mary landing sites via a Boeing 747 ferry flight. 

2. 2. 1.2 Ground Facility Environment Overview 

NASA KSC provides five levels of environmental control in its pro- 
cessing facilities. Table 2.2-1 summarizes the minimum environmental 
requirements for the five environmental levels, and Table 2.2-2 describes 
the operations and maintenance requirements (Ref. C-3) . Since the facil- 
ity areas are not clean rooms as defined in Reference C-4, the controlled 
environments at KSC are termed controlled work areas (CWA). Table 2.2-3 
presents the CWA cleanliness levels for the standard horizontal processing 
flow facilities. Table 2.2-4 presents the levels for the other cargo pro- 
cessing facilities mentioned previously (Ref. C-3 and C-5). In general. 
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Level 1 

Laval 2 

Laval 3 I 

Level 4 

Level 5 

Air Flow Typa 



Non- 
la minar 

Non- 

laminar 

Maxium Airborna 
Particulatt Counts, 
par ft 3 

— RaqO.SM 

— Raq 5.0 M 

— Monitoring 

5,000 

30 

Continuous 

10,000 

65 

Continuous 

50,000 

300 

Continuous 

100,000 

700 

Continuous 

300.000 

1.000 
Monthly 


71 ±6 
Continuous 

71 ±6 
Continuous 

71 ±6 
Continuous 

71 ±6 
Continuous 

71 ±6 
Monthly 
rrr: 

Ralativa 
Humidity, % 

— Raquiramant 

- Monitoring 

ESG^OHHl 

50 Max 
Continuous 

H Hi 

50 Max 
Continuous 


Maximum Particla 
Fallout 


Laval 200 
Continuous 

Lsval 200 
Continuous 

Laval 500 
Continuous 

Laval 750 
Continuous 

Laval 1000 
Semiannually 

Maximum NVR, 
mg/0. 1m 2 /month 


1 

Continuous 

1 

Continuous 

1 

Continuous 

1 

Continuous 

2 

Annually 

Maximum Volatile 
Hydrocarbons <PPM), v/v 

HKSSSTmb 

15 

Evary 2 waaks 

15 

Evary 2 waaks 

15 

Evary 2 waaks 

15 

Evary 2 waaks 

N/A 

N/A 

Minimum Positiva 
Prassura 


0. 05-in. H2O 
Daily 

0.05-in. H-0 
Daily 4 

0.05-in. H-0 
Daily 4 

0.02-in. H-0 
Daily 4 

N/A 

N/A 

Minimum Air Changes 


20/hour 

20/hour 

6/hour 

4/hour 

2/hour 


# L avals par MIL-STD-1246A for » 24-h pafiod 
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the environmental requirements of Table 2.2-1 have been met during most 
STS processing operations. Section 2.2.2 presents the available data to 
date. 


Table 2.2-2 KSC CWA Operations and Maintenance Requirements (Ref C-3) 


CWA Levels 

CWA 

Levels 1 & 2 

CWA 

Levels 3 & 4 

CWA 
Level 5 

Cleanliness 

Level 

VC 

VC 

VC * 


— Garments 

Coveralls 

Smocks 

Smocks (Oot) 


w-m,rrr‘vwrnnn 

hoods 

"Booties 


B'-M-wi i mmiM 

Personnel A 

l — u loves 
ccess 

5jmgS| 


Optional """ 

Limited 

Operations 

Rigidly 

Controlled 

Rigidly 

Controlled 

Controlled 

Tools & Fixtures 

Rigidly 

Controlled 

Rigidly 

Controlled 

Controlled 

Material 

Entry 


Rigidly 

Controlled 

Rigidly 

Controlled 

Controlled 

Floors 

(Including 

- Inspection 

— Vacuum 

EBHMHi 

M f?xm vm i r r M 


Platform 

Floors) 


Daily 



Walls & 

- Inspection 


mssbssbm 

nnmi 

Ledges 
below 12 ft 

mmm 

1 

K 

HiiSBiBi 

Ceilings 

— Cleaning 

As Required 

As Required 

As Required 

Platform 

- Inspection 

EE33MBBII 


Weekly 

Structures 

— Cleaning 



Eiir-rnirr— 1 

GSE 

^™ rT7 T T TTF!— 

Biweekly I 

Bimonthly | 






Monthly 

Cranes, 

— Inspection 

Quarterly | 

rmmm\ 

Quarterly 

Hoists, etc 

“ Cleaning 



As Required 


Table 2.2-3 

KSC Horizontal Flow CWA Levels (Ref C-3) 


Facility 

Location 

CWA Level 

O&C 

High Bay 

5 

Test Stands & 
Specific Work 
Areas 

4 

Room 3299A 

4 

Offline Labs 

5 

ATM Cleanroom 

3 

Canister 

N/A 

4 

OPF 

P13-A 

4 

Pad 

PCR 

4 
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Table 2. 2 A 

Other KSC Facility CWA Levels (Ref C-3, C-5) 


Facility 

Location 

CWA Laval 

AE 

High Bay 

2 

AO 

High Bay 

4 

AM 

High Bay 

5 

S 

High Bay 

4 

ESA-60 A 

High Bay 

4 

OSTF 

High Bay 

4 

VPF 

High Bay 

4 


Air Lock 

5 

SAEF-2 

High Bay 

4 

SPIF 

Various 

Equiv to 4 


The environmental requirements for various areas of the OMCF, PPR 
and PCR at VAFB are presented in Table 2.2-5 (Ref. J-2). ° a * a ° n t J£® 
actual measured environments will be included in Section 2.2.2 as they 

become available. 

Ground facility contamination environments of concern to SL experi- 
menters include volumetric measurements of airborne particles and hydro- 
carbons, and deposition of particles and molecules on surfaces. Rented 
environments that may also affect contamination deposition are airborne 
salt, relative humidity and temperature. 

Considerable work has been conducted recently to develop models 
relatinq volumetric particle measurements to surface deposition and degra- 
dation . 9 Comparable models for volumetric and deposited molecules have not 
yet been developed. 


Table 2.2 5 

VLS Payload Processing Facility 
Cleanliness Requirements (Ref C-2) 


Facility 

Location 

CWA Laval 

OMCF 

— Environmental Encloaura 

— Trans Air Lock 

— High Bay Area 

— Payload Storage 
• Payload Deservica 

— Mezzanine 

— Payload Bay 

• Similar to 4 

- Similar to 4 

— Similar to 5 

- Similar to 4 

— Similar to 4 

- Similar to 4 

— Similar to 4 

PPR 

— Air Lock 

— Erection Room/ 
Transfer Tower 

— Checkout Cells 

— Storage Rooms 

— PL SE Rooms 

- Similar to 4 

- Similar to 4 

- Similar to 4 

- Similar to 4 

- Similar to 4 

PCR 

- N/A 

— Similar to 4 
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2.2.2 STS Ground Contamination Environmental Data 


Considerable quantities of data have been collected in the integra- 
tion facilities at KSC for most of the Shuttle flights to date. The data 
have been collected by several agencies, including NASA, its contractors 
the Air Force, and the Aerospace Corporation. 

Data collected during the first four Shuttle flights raised some 
concerns about the adequacy of KSC facility environmental control. Rather 
severe contamination occurring while STS-6 and the Tracking and Data Relay 
Satellite System-A (TDRSS-A) payload were being processed emphasized these 
concerns. Steps taken to improve the environmental controls, and the 
transition from checkout to operational activities have greatly reduced 
the typical contamination levels found in the KSC integration facilities. 
More recent data is therefore more representative of the current situation 


Available data is more limited for deintegration facilities, post- 
landing facilities, and ferry flights. Deintegration occurs, in general, 
in the OPF, 0 and C and OMCF buildinqs. While any data collected durinq 
deintegration in these facilities is not currently available, the environ- 
ment may be similar to that for integration activities. It is possible, 
however, that cleanliness discipline occurring during deintegration would 
not be equivalent to that employed for integration activities. Currently 
available data for non-KSC post-landing facilities and ferry-flights is 
limited to that collected by Orbiter PLB contamination monitors. 

The following subsections summarize the available ground contamina- 
tion data for integration facilities. Data for the primary SL facilities 
(0 and C, OPF, and PCR at KSC, OMCF and PCR at VAFB) are presented first 
followed by data for other facilities. 

2. 2. 2.1 Ground Facilities Particulate Data 

In general, two types of particle data have been collected in the 
KSC cargo facilities: counts of the number of particles with diameters 

larger than 0.5 u m suspended in 1 ft 3 of facility air; and the number of 
particles with diameters larger than either 1 or 5 u m deposited on 1 ft 2 
of surface in 24 hours. Two government publications define levels of 
cleanliness for these types of particle data: Fed. Std. No. 209B (Ref. 

C-4) and MIL-STD-1246A (Ref. C— 6) . These documents are the source of the 
mixed units (meter-kilogram-second (MKS) and British Engineering) tradi- 
tionally used for measurements of these environments. Throughout this 
Handbook traditional units will be used when they are necessary for clar- 
ity, rather than an exclusive MKS system. When data is presented in a 
consistent MKS set of units, these will be presented along with a conver- 
sion to traditional units. 

Fed. Std. No. 209B defines air cleanliness classes as shown in 
Table 2.2-6. It further elaborates these classes with Figure 2.2-4, and 
states that other air cleanliness classes may be defined by the intercept 
point on the 0.5 u m line in Figure 2.2-4 with a line parallel to the three 
established curves. (It may be noted that the three established curves are 
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not themselves parallel, since the class 10k line passes through 65 at 
5 pm, while the class 100k line similarly passes through 700 instead of 
650.’ The resulting error is small, though, and lines parallel to either 
established curve are commonly used.) Thus, air cleanliness data may be 
referred to in terms such as class 14.5k if the distribution of airborne 
particles is such that the recorded data remains below a line parallel to 
the established curves. This type of data is not always collected, how- 
ever. Sometimes particle counters simply report the number of parti- 
cles/ft^ greater than 0.5 pm. Figure 2.2-5 shows two particle distribu- 
tions. Both have 14,500 particles/ft3. As will be discussed in Section 
2.2.4, however, they could have significantly different impacts on space- 
craft systems. 


Federal Standard 209B Air Cleanliness Classes (Ref C-4) 


Maximum Numbtr 
of Particles 
per Cubic Foot 
(per Liter) 

O.S micron 
& Larger 

Traditional 

Units 

Class 

(Metric 

System) 

Maximum Number 
of Particles 
per Cubic Foot 
(per Liter) 

5.0 microns 
& Larger 

100 (3.5) 

10,000 (350) 
100,000 (3,500) 

100 (3.5) 

10,000 (350) 
100,000 (3,500) 

S«* not* at Bottom 
of Figur* 2.2-4 
65 (2.3) 

700 (25) 


Reference C-3, the KSC Cargo Facilities Contamination Control Plan 
cites Reference C-4 for airborne particle counting techniques. Two tech- 
niques are described. Automated counters using light scattering detection 
techniques may be used for particles with diameters greater than 0.5 um. 
These devices usually operate continuously and are the most conwonly used 
monitors at KSC. The other method described consists of drawing a known 

quantity of air through a membrane filter and counting the particles col- 

lected using microscopic techniques. This method is restricted to parti- 
cle sizes greater than 5.0 pm, and is also restricted to air classes grea- 
ter than class 10,000 in order to collect statistically valid numbers of 
particles. This technique is thus not commonly used. Reference C-4 also 
allows any other technique which can demonstrate accuracy and repeatabil- 
ity equivalent to that of the previously described methods. Monitoring 
methods are not typically specified in the data reports included herein. 
Because of their much more common usage, unless otherwise specified, the 
data is assumed to have been collected using an automated light scattering 
detector. Reference C-7 describes the contamination control implementa- 
tion for the KSC Shuttle facilities (OPF and PCR), and Reference C-8 does 

the same for the KSC Shuttle cargo facilities (Hangars AE, AM, AO, and S, 

ESA 60A, DSTF, SAEF 2, VPF, 0 and C Building and Canister). Both referen- 
ces indicate that airborne particle counting for these facilities will be 
conducted using automated light scattering techniques. Results obtained 
for the OPF and PCR by the Shuttle Processing Contractor (SPC, Lockheed 
Space- Operations Company; LSOC) and other facilities by the Shuttle pay- 
load integration contractor (McDonnell Douglas Astronautics Company; MDAC) 
are assumed to be by this method. 
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•Counts below 10 (0.35) particle per cubic foot (liter) are unreliable 
except when large number of samplings is taken. 


Figure 2.2-4- Federal Standard 209B Particle Size Distributions (Ref C-4) 


For surface deposition. Reference C-3 requests that data be repor- 
ted in terms of number of particles per ft2 per 24 hours within given 
size ranges (50-100 ym, 100-250 ym, 250-500 ym, 500-1000 ym, and >1000 
ym). In contrast. Reference C-6 defines surface cleanliness levels in 
terms of numbers of particles with diameters greater than a given size. 
These surface cleanliness levels are shown in Figure 2.2-6. 
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Figure 2.2-5 . 

Effect of Federal Standard 209B She Distributions 


An examination of the data presented herein will show that the sur- 
face cleanliness data collected at KSC, and more generally, in most aero- 
space clean areas, demonstrate different particle size distributions from 
that shown in Figure 2.2-6. In general, the aerospace data indicates 
higher relative numbers of large particles in comparison to the curves of 
Reference C-6. This probably illustrates differences in the facilities, 
and the activities within the facilities sampled for the two data sets. 
In general, KSC (and most aerospace) clean areas are not cleanrooms, in 
that activities such as major component assembly, crane operations and 
similar industrial type activities are allowed in aerospace facilities. 


2-14 



These all can generate or redistribute particles, including large parti- 
cles. These types of activities are generally precluded in traditional 
cleanrooms (Ref. C-4). The origins of the data used to formulate the 
cleanliness levels of Reference C-6 are not specified. If it was collec- 
ted in a traditional cleanroom, either away from human activity, or under 
strict cleanroom discipline, one would expect to see substantially fewer 
large particles than are typically seen in aerospace facilities. The size 
distributions of Reference C-6 are similar to those found on vertical or 
recently cleaned samples, rather than horizontal samples. 



'Figure 2.2-6 MIL-STD-1246A Surface Cleanliness Levels (Ref C-6) 


This difference between the MIL-STD-1246A size distribution and the 
typical collected data can lead to difficulties in relating the two data 
sets. Facility and spacecraft specifications often call out surface 
cleanliness requirements in terms of MIL-STD-1246A levels. Typical KSC 
fallout data plots traverse several cleanliness levels. Exposure in KSC 
facilities may result in fairly low general levels of deposition, but with 
disproportionately high levels of large particles. This can force the 
apparent cleanliness level to a very high number using the strict defini- 
tion of MIL-STD-1246A. 

Table 2.2-1 listed the environmental requirements for KSC CWAs. 
For particle fallout, the requirement is listed in terms of maximum MIL- 
STD-1246A cleanliness level allowable in 24 hours of deposition, with 
■ levels of 750 and 1000 being allowed in CWA levels 4 and 5, respectively. 
A deposition rate corresponding to level 1000 per 24 hours could result in 
significant degradation over a few days of exposure, if the deposited par- 
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tides followed the MIL-STD-1246A size distributions. The typical data 
collected at KSC, however, has a less steep slope than the curves of 
Figure 2.2-6. This results in a smaller effect from deposited particles 
for a given surface cleanliness level than if the particles had a MIL-STD- 
1246A distribution. Section 2.2.4 will describe how size distribution can 
be included in determining a quantitative measure of surface cleanliness, 
the obscuration ratio (OR). Section 2. 3. 2. 3 will describe how OR may be 
used to predict degradation due to particles. In very general terms, 
based on the data collected to date, daily deposits within the goal of 
Table 2.2-1 for level 4 facilities should be acceptable for typical inte- 
gration flows (i.e., ~30 days of exposure) for somewhat sensitive pay- 
loads. Highly sensitive payloads would be advised to cover sensitive sur- 
faces whenever possible during exposures. A similar approach should be 
considered for all payload during long facility exposures. 

Reference C-3 suggests three methods of measuring surface parti- 
cles: 1) flushing the surface with a solvent, filtering the solvent, and 
sizing and counting the filtered particles; 2) collection of particles on 
fallout filters with imprinted grids and subsequent sizing and counting of 
the deposit; and 3) visual inspection of a surface for freedom from visi- 
ble particles (visibly clean). Levels of visible cleanliness are defined 
and discussed in Reference C-9. Visible cleanliness criteria are used for 
surfaces such as the Orbiter PLB and payload surfaces that do not lend 
themselves to quantitative techniques. 

The solvent flush method is sometimes also used on payload surfaces 
(Ref. C-10). When quantitative data is reported, the method used is often 
not stated. Evidence that the two techniques give equivalent results has 
not been presented, although this is the assumption implied in Reference 
C-3. Since the equivalency of the techniques (and the method used in many 
cases) is unknown, caution must be used in comparing data from different 
sources. Both References C-7 and C-8 specify that settling filters and 
microscopic examinations will be used to determine fallout rates in Shut- 
tle and cargo facilities, so use of these techniques can be assumed in the 
reports of the SPC and payload integration contractor. 

A fallout monitoring technique not included in Reference C-3 has 
also been used in some KSC facilities. Small circular samples have been 
installed in the Orbiter PLB and exposed in various ground facilities. 
They then were removed and shipped to MSFC, where particles were counted 
using an automated optical imaging system (Ref C— 11 and C-12). 

A cause for caution in the use of fallout data is the length of 
time the sample is exposed. In a small test sample, preliminary data 
seemed to indicate that deposition rates decreased with sample exposure 
times (Ref. C-13). Whether this reflected changes in the test environ- 
ment, changes in specimen surface properties, data collection anomalies or 
some other phenomenon has not been determined. 

Another cautionary note is necessitated by the definition of the 
MIL-STD-I246A cleanliness levels of Figure 2.2-6. The cleanliness level 
curves define the number of particles equal to or larger than given size. 
Reference C-3, however, requests that data be reported as the number of 
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particles within specified size ranges, and this is generally the form in 
which data is received from the laboratory. Consequently, data is some- 
times plotted in bandwidth form on the curves of Figure 2.2-6. This is 
seldom obvious from the curves themselves (only when a curve rises to a 
higher count for a larger size). Usually, the particle size distribution 
is such that the resulting error is minor, since there are typically 
orders of magnitude higher numbers of small than large particles. Occa- 
sionally, however, the error can be significant. 


One other problem with particle fallout data results from the phys- 
ical sizes of samples used. Fallout data is usually reported in terms of 
particles per ft* per 24 hours. From Figure 2.2-6, however, 1 ft2 0 f 
a relatively clean surface (level 500) would have approximately 500 000 
particles greater than 1 in diameter. Manually counting this number of 
particles is impractical, so typically smaller areas of the sample are 
counted, and the result is normalized to 1 ft? (even for 1 cm? a 

level 500 surface has more than 500 particles larger than 1 u m). The same 
level 500 example, however, has only one 500 u m particle per square foot 
• °u 1y * cm is examined, on average, the largest particle detected 
will be 150 u m in diameter. Thus, the fact that most samples are analyzed 
manually means that it is difficult to get statistically valid counts of 
large particles. 


Some comments are necessary about the use of visibly clean (VC) 
criteria for PLB and payload surfaces. Such criteria are necessary due to 
the difficulty of obtaining quantitative particle counts in situ on a pay- 
load surface. It would also be impractical to attempt to count particles 
for each square foot of PLB and payload surface. It is, however, practi- 
cal to visually inspect all surfaces of the payload and PLB. The surface 
cleanliness criteria for Orbiter payload and PLB are, therefore, the visi- 
bly clean levels defined in Reference C-9. These criteria are summarized 
in Table 2.2-7. Modifications to these criteria, such as a procedure for 
sensitive payloads of initial PLB cleaning to VC level 2 in the OPF and 
subsequent cleanings and inspections under 50 foot candles of illumination 
from 2 to 4 feet are currently being considered and implemented. They 
have been included in some documentation, such as Payload Integration 
Plans, but an updated version of Reference C-9 has not yet been released. 

To date, relationships between the VC levels and quantitative 
cleanliness levels have not been established. Section 2. 2. 2. 1.9 will de- 
scribe testing of Orbiter PLB materials recently conducted at Martin Mari- 
etta to address this. 


. The following sections present the available particle data for 
facilities of interest to Spacelab users. 

2. 2. 2.1.1 Operations and Checkout (0 and C) Building Particle Data 

Contamination data was collected in the 0 and C Building durinq 
SL-1 ( STS-9) processing from August 1982 until April 1983, during horizon- 
taV payload processing for STS-41D in July of 1984, and during the first 

n 3 I t a t 1 OuU J 
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Table 2.2-7 Visibly Clean Levels and Inspection Criteria (Ref C-9) 


ThrM | avals of VC & VC+ SPECIAL requirements are available for the Orbiter payload (cargo) bay, payload canister, & pay oads, 
VC level 1 is baseline as referred to in contractual documentation. VC levels 2, 3, & VC+SPECIAL requirements are optional user 
services at extra cost & added ground operations time. Inspection criteria for the cleanliness levels follow. 

VC Level 

Incident Light 
Level 1 

Observation 

Distance 

Remarks 

1 

^ 50-ft Candles 

5 to 10 ft 

STS Program Standard Service (Baseline) 

2 

100- to 200-ft Candles 

6 to 18 in. 

STS Program Optional Service 

3 

100- to 200-ft Candles 

6 to 18 in. 

STS Program Optional Service-2x to 7x 
Power Optical Aid Permitted for Inspection 

VC+SPECIAL 

100- to 200-ft Candles 

6 to 18 in. 

STS Program Optional Service-Same Visual 
Inspection as Level 2 or 3, plus Special 
Metrology Requirements Specified by User 
Includes VC + UV, NVR, etc. 

The above options a 
mating, & postmatii 

re applicable for the Orbiter payload (cargo) bay, payload canister, & payloads at launch sites during premating 
iq operations. 

Note: 




1. One foot-candle (lumens per square toot! is equivalent to iu./o lumens per squ«r* mwm. 


For the Sl-1 processing, a tray of optical samples on the Passive 
Sample Array (PSA) of the MSFC Induced Environment Contamination Monitor 
(IECM) was installed at MSFC in August 1982, and exposed during transport 
to and while in the 0 and C Building until the tray was replaced on April 
28 1983 The replacement tray was exposed in the 0 and C Building, dur- 
ing transit to the OPF, and in the OPF until it was removed on August 19, 

1983. 


The trays were covered and returned to MSFC, where an automated 
imaqe analyzer determined the number of particles present with diameters 
between 1 w m and 100 yin. Particles larger than 100 um. were not counted. 
The average results for these two sets of trays were accumulations of 8.1 
x 102 part1cles/cm2 for the first set, and 2.0 x 103 particles 
/cm2 for the second set (Ref. C-14). The much higher counts for a 
shorter exposure time of the second set may be attributed, in part, to the 
heightened activity around the trays as integration activity intensified. 
The average particle-size distribution collected on the two trays is shown 
in Fiqure 2.2-7. The diagonal lines on the figure correspond to cleanli- 
ness levels of MIL-STD-1246A. The figure illustrates that the average 
particle accumulation rates are far below the goal for a KSC level 4 fa- 
cility (see Table 2.2-1) of accumulations to less than level 750 per 
MIL-STD-1246A in a 24-hour period. Assuming particle accumulation 
occurred at a constant rate, the trays collected particles at average 
rates of approximately level 100 per 24-hours and level 400 per 24-hours, 
respectively. Such an average may not be a good indication of actual 24 
hour deposits. Tests in cleanrooms have indicated that deposition varies 
widely with time (Ref. C— 13) . 


Additional contamination data for the 0 and C Building was collec- 
ted during STS-41D processing. Both air cleanliness and fallout data were 
collected by contractors for NASA KSC within the time period of July 20 to 
July 27, 1984. Within this time period, the highest recorded airborne 
particle count for particles larger than 0.5 um was 12000/ft ( c1 JJ s 
12000 per Reference C-4). The recorded particle fallout data was the 
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accumulation of particles equivalent to a cleanliness of less than level 
1000 of Reference C-6 in a 24 hour period (Ref. C-5). This is a signifi- 
cantly higher rate of fallout than was evident in the earlier PSA data. 
Several factors may have contributed to this difference, including speci- 
men handling (PSA samples were shipped to MSFC for evaluation), data col- 
lection techniques (automated vs. manual), sample surface characteristics 
(optical specimens vs. particle count filters), specimen location (SI pal- 
let vs. 0 and C test stand 2), and proximate activities. Also shown in 
Figure 2.2-7 is the average particle fallout distribution collected in the 
period January to June 1985 (Ref. C— 15) . Airborne particle averages for 
the same period are shown in Table 2.2-8. 



Figure 2.2-7 0 and C Building Particle Fallout Data 
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Table 2.2-8 

0 and C Building Airborne Particle Measurement 


Tima Rtriod 

Airborna Particle >0.5 /im/ft 3 

STS-41D 

Jan to Juno 1985 

<12,000 
35,000 (mun) 


2. 2. 2. 1.2 Multi-Mission Support Equipment ( MMSE ) Canister Particle Data 

The MMSE Canister is used to transport vertical payloads from the 
VPF to the PCR, and horizontal payloads (such as SL) from the 0 and C 
Building to the OPF. It is a container with the approximate inner dimen- 
sions of the Orbiter PLB. To accommodate both horizontal and vertical 
payloads, the Canister rotates to these two positions. It is a self-con- 
tained vehicle which provides the payload with a CWA level 4 environment 
of Table 2.2-1. 

The first measurements in the Canister were made for the Office of 
Space and Terrestrial Applications OSTA-1 payload on STS-2. OSTA-1 was 
transported from the 0 and C Building to the OPF for installation, and 
returned from the OPF to the 0 and C after flight. During the moves, the 
air cleanliness was generally class 700 to 1500 (number of particles 
greater than 0.5 pm/ft^), with a peak of class 10,000 (Ref. C-16). 
Brief excursions above class 100,000 occurred at the same approximate 
location on both the installation and return trips. The excursions were 
interpreted as invalid data (Ref. C— 17) . 

For SL— 1 (STS-9) processing, one of the ground PSA sample trays was 
installed in the 0 and C Building and removed in the OPF. The tray was 

thus exposed during transport in the Canister. It was also exposed, how- 

ever, for approximately 4 months in the 0 and C Building, and briefly in 
the OPF prior to removal. The results are not indicative, therefore, of 
the expected fallout for the Canister exposure alone. The results of this 

exposure, as mentioned ^previously in Section 2. 2. 2.1, were an average of 

2.0 x 10 3 particles/cnr for particles with diameters between 1 and 100 
pm (Ref. C-14). A comparison of the collected data with MIL-STD-1246A 
cleanliness levels was shown in Figure 2.2-7. The figure shows that the 
number of 100 pm particles push the cleanliness level above, level 750 
(Ref. C— 18) . Again, however, this level was accumulated over 4 months in 
the 0 and C Building as well as during the Canister transport. 
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Additional Canister data was collected during STS-41D processing of 
a vertical payload and during STS-51J processing. Table 2 . 2-9 presents a 
summary of the environments recorded (Ref. C-5 and C— 19) . While a typical 
air cleanliness level of class 5000 was reported for STS-41D, a peak level 
of class 30,000 was measured during payload transfer operations. Figure 
2.2-8 shows particle fallout measurements recorded during rotation of the 
Canister from horizontal to vertical, and during vertical operation for 
STS-41B, and all operations for STS-51J (Ref. C-19 and C-20). 

2. 2. 2. 1.3 Orbiter Processing Facility Particle Data 

The 0PF is used for Orbiter turnaround activities between STS 
flights. As such, major maintenance activities such as Orbiter Maneuver- 
ing System (OMS) pod removal and replacement, thermal protection system 
replacement, hardware cleaning and painting and similar activities will be 
conducted in the facility. The OPF is also used for horizontal payload 
installation, which includes SI. While environmental control is provided 
for cargo activities, the nature of the other activities occurring in the 
OPF can make the cargo environment somewhat unstable. 


Table 2.2-9 

Canister Airborne Particle Measurement 


Time Period 

Airborne Particle >0.5 /im/ft 3 

STS-41D 

STS-51J 

5000 (30,000 Excursion) 
<34.000 


As indicated in Table 2.2-3, the OPF as a whole is a CWA level 5 
area. Special air conditioning systems provide a CWA level 4 environment 
to the PLB area while the PLB doors are open. The other activities that 
occur in the OPF, however, lead to the expectation that level 4 environ- 
ments will be exceeded in the PLB on occasion. 
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Measurements of the OPF particle environment were obtained prior to 
and during the processing of STS-1, STS-2 and STS-3. The measurements 
indicated that the OPF particle requirements of Table 2.2-1 were all 
exceeded on some occasions. During STS-3 processing, air cleanliness 
levels reached class 1,000,000 the day the Orbiter arrived, and were as 
high as class 320,000 during payload processing. The PLB class 100,000 
environment goal was exceeded 22 percent of the time. During STS-3 pay- 
load closeout, the 24 hour deposition level in the PLB reached approxi- 
mately level 2100 (Ref. C-21). Because of these high measurements, an OPF 
contamination control Program Review Board (PRB) was formed during STS-3 
processing. During STS-3 processing, decisions were made by the PRB to 
upgrade the contamination control provisions of the OPF. The upgrades 
included addition of a new HEPA filtered airwash for the PLB, replacing 
the central OPF 80 percent NBS HVAC (National Bureau of Standards Heating, 
Ventilation and Air Conditioning) filters with HEPA filters, a new vacuum 
cleaning system for workstands, sealing of the OPF high bay floors, shoe 
scrubber installation, white painting of structure adjacent to the PLB, 
installation of permanent airborne particle counters, enclosure of open 
structures adjacent to the PLB, and paving of selected areas outside the 
OPF (Ref. C-22) . 

Since these modifications have significantly improved the OPF envi- 
ronment, detailed data recorded prior to the modifications is hot reported 
herein. If such data is needed, it may be found in References C-12, C-15, 
C-16, C-21, C-22, C-23, C-24, C-25, C-26, C-27 and C-28. 
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Subsequent to the OPF facility modifications, a PSA of the IECM was 

exposed in the OPF for 26 days during STS-9 (Sl-1) processing. Durinq 

this period, the PSA samples collected an average of 2.6 x 10 3 particles 
between 1 and 100 urn in diameter per cm 2 (2.42 x l0 6 /ft 2 ). This 

corresponded to a cleanliness between level 750 and level 1000,* and an 
average 24 hour deposition rate of level 450. As was stated in Section 
2. 2. 2. 1.2, such an average deposition rate may not agree with actual 24 
hour measurements (Ref. C-13). 

OPF particle data has also been collected during all subsequent 
Shuttle processing flows at the locations shown in Figure 2.2-9 (although 
data has not always been published). Table 2.2-10 shows the airborne par- 
ticle counts for STS-41D processing and periods in May and July of 1985 
(Ref. C— 29 ) . Figure 2.2-10 shows the average fallout distribution for 
STS-41D and STS-51C processing, and June 1985 (Ref. C-30 and C-31), as 

well as the total and 24 hour distributions for STS-9 (Sl-1). Data for 
May and July of 1985 were similar to those shown for June. 


Table 2.2-10 

OPF Airborne Particle Measurement 


Time Period 

Airborne Particles >0.5 jUm/ft 3 

STS-41D 
May 24,1985 
July 1985 

High Bay 1 

High Bay 2 

<10,000 — 
<2500 
<66,000 

(Except 450,000 with 
Doors Open) 

<16,500 

<68,000 

(Exeapt 150,000 with 
Doors Open) 


2. 2. 2. 1.4 KSC Payload Chanqeout Room (PCR) Particle Data 

The PCR is the final room in which the Orbiter PLB may be opened 
prior to launch. It is an environmentally controlled room (CWA level 4) 
mounted on the Rotating Service Structure (RSS) connected to the launch 
mount. The PCR is rotated into contact with the Orbiter and environmen- 
tally sealed before the PIB doors are opened. After the PLB doors are 
reclosed, the RSS rotates the PCR away for launch. 

As in the case of the OPF, early measurements in the PCR indicated 
that contamination could at times rise to unacceptable levels. These con- 
cerns reached a head during STS-6 processing when launch delays and ex- 
tended PCR exposures combined with severe weather, and excessive contam- 
ination of the Tracking and Data Relay Satellite (TDRS-A) resulted. Since 
STS-6, a number of modifications to the PCR have been undertaken. Com- 
pleted modifications include installation of weather shields, modification 
of the switch for the hypergolic spill exhaust system, installation of 
catch plates for the Payload Ground Handling Mechanism (PGHM) , an increase 
in environmental seal pressure and the installation of securing bungee 
cords, sealing and adjustment of PCR personnel doors, increased lighting 
in the PLB area, refinishing of the PCR floor, fabrication - of payload 
debris shields, upgrading the PCR wall strength, insulation sealing, au- 
tomating the PCR environmental monitors, and refinishing ground handling 
equipment. Other planned changes include increasing the PCR positive 
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Figure 2.2-9 OPF Floor Plan and Sampling Locations 
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pressure, enlargement of the PCR anteroom storage area (Ref. C-29), paint- 
ing of high use areas, addition of smoke and heat detectors, air shower 
relocation, and the elimination of water intrusion into cable travs (Ref 
C-30, C— 33 and C-34). 



1 0 10 25 50 


100 150 200 300 500 750 1000 1500 2000 

Particle Si Z9,flm 


Figure 2.2-10 OPF Average Particle Fallout Measurements 


As with the OPF, the PCR modifications have tended to decrease the 
recorded contamination levels for later STS missions. Data on pathfinder 
measurements and measurements prior to STS-7 may be found in References 
C-12, C-15 and C-32. 

Airborne particle and particle fallout data has been collected in 
the PCR during processing of each recent Shuttle flight at the locations 
shown in Figure 2.2-11. Figure 2.2-12 shows the average 24 hour 
deposition data recorded for STS-7, STS-51E, and STS-510 (Ref. C-15, C-34 
and C— 35 ) . The figure shows that the average deposits are greater than 
level 1000 due to the number of large (600-1000 um) particles. 

PSA samples of the SL-1 (STS-9) IECM were exposed in the PCR. 
These samples also were in the PLB during OPF to VAB and VAB to PCR tran- 
sits, rotation of the Orbiter to vertical, launch, orbit, reentry, landing 
and ferry flight, so it is difficult to reach conclusions about the PCR 
from these specimens. 
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Test Equipment Locations at 130 ft Level 



Figure 2.2-1 1 PCR Contamination Sampling Locations 



Figure 2.2-12 Average PCR Fallout Rates for Typical STS Flights 


Airborne particle counts have been reported for several recent 
flights. Available data are shown in Table 2.2-11 (Ref. C-15, C-29, C-31, 
C-36, C-37 and C-38). The data represent the maximum recorded levels! 
Means were significantly lower. 


Table 2.2-11 


PCR Airborne Particle Measurement 


Tim# Period 

Airborne Particles > 5 jLlm/ft 3 

STS-7 

<17,000 

STS-51E 

<20,000 

STS-51B 

< 7,500 

STS-51F 

<21,000 

STS-511 

< 18,000 

STS-51J 

<10,000 
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2. 2. 2. 1.5 STS Ferry Flight Particle Data 


STS ferry flight refers to transport of an Orbiter atop the Boeing 
747 transport. In general, for the operational STS program, Orbiters will 
land at the location of their next launch, eliminating the need for ferry 
flights. Prolonged bad weather or emergency conditions, however, may dic- 
tate the use of alternate landing sites. Under these conditions, the 
Orbiter and payload may land at a site, be safed and mated with the trans- 
port and flown to KSC or VLS. Ferry flight must, then, be considered a 
contingency for any STS mission. It should be noted that ferry flight 
does not refer to the shipment of integrated SL payloads in a container 
other than the Orbiter PLB. Such shipment has not yet occurred, and no 
particle data is available. 

Ferry flight particle data was collected by the Passive Optical 
Sample Assembly (POSA) of STS-1, STS-2, STS-3, STS-4, and STS-9 (SL-1). 

The POSA used for the STS-1 ferry flight consisted of 6 sample sur- 
faces. These were a MgF 2 /Al mirror, a gold mirror, a 1790 a filter,, an 
ultraviolet (UV) grade fused silica window, a CaF 2 window, and a dielec- 
tric (permanent surface charge) Teflon electret. Particle counts were not 
conducted on the electret. The particle counts for the other 5 samples 
showed a wide range of both total particle counts and particle size dis- 
tributions. Figure 2.2-13 shows the average particle size distribution 
for the five samples (Ref. C-ll). No definitive evidence has been pre- 
sented as to whether the differences in particle counts for the different 
samples reflect differences in material properties, differences in expo- 
sure environment, different relative instrument sensitivities, or some 
other phenomenon. 

POSA samples were installed in the PLB at the landing site (Dryden 
Flight Research Center for STS-2 and STS-4, WSTF for STS-3), on STS-2, 
STS-3, and STS-4. The particle size distributions for all ferry flight 
samples for these three flights were averaged and reported in Reference 
C— 32 . The distribution is also shown in Figure 2.2-13. A POSA was also 
installed at Dryden for the STS-9 (SL-1) ferry flight. Only preliminary 
data have been published, indicating that only 850 particles/cm were 
deposited during this ferry (Ref. C-14). 

2. 2. 2. 1.6 Orbiter PLB Particle Data 

No quantitative measurements of surface deposited particles within 
the Orbiter PLB are currently available. Martin Marietta has recently 
conducted experiments relating visibly clean levels of PLB materials to 
quantitative measures of particle deposition (Ref. C-39) . Samples were 
exposed in cleanroom and aerospace factory environments until a given vis- 
ibly clean inspection was failed. The samples were then subjected to a 
particle count, and the particle size distributions were converted to 
obscuration ratios (the fraction of the surface obscurred by particles; 
see Section 2. 2. 4.1) 
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Figure 2.2-13 

STS-1, STS-2, STS-3, and STS-4 Ferry Flight Particle Fallout Data 


The experiment found that the quantities of particles present on 
visibly clean surfaces can vary greatly. The "standard" PIB cleanliness 
level (VC level 1 of Ref. C-9) calls for inspections for cleanliness from 
5 to 10 feet under greater than 50 footcandles of illumination. The test 
found particles to be undetectable at distances of 10 feet. For PIB beta 
cloth samples failing the VC level inspection at 5 feet, with failure 
defined as 3 to 7 visible particles on the 0.1 ft? samples, obscuration 
ratios (OR) were found to range from 0.78 to 1.15 percent. Samples with 
only 1 or 2 particles visible from 5 feet had ORs on the order of 0.25. 
Inspections from 10 feet could be expected to allow significantly higher 
deposition levels. Similar tests on the dimpled silver Teflon of the 
Orbiter radiators shows that it is very difficult to detect particles on 
the radiators due to their textures. A sample failing an inspection at 4 
feet was found to have an OR of 1.04 percent. Additional problems in 
quantifying radiator cleanliness were encountered due to the presence of 
static charge on the Teflon, causing particles to clump together around 
individual dimples. 

2. 2. 2. 1.7 Other KSC Payload Facilities Particle Data 

Environmental data has also been collected in the VPF, the SPIF and 
Hangar AE. The VPF is used for the assembly and processing of vertical 
NASA payloads, the SPIF is an Air Force facility used for processing mili- 
tary payloads, and Hangar AE is an off-line laminar flow cleanroom used 
for both STS and other payloads. It is included for comparison to non- 

laminar flow areas. Both the SPIF and Hangar AE are located at the Cape 
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Canaveral Air Force Station (CCAFS). These facilities are not generally 
SL processing facilities. Some SL related experiments may fly on non-SL 
missions, however, and may be processed in facilities other than those of 
the SL flow. The available data on these other facilities is therefore 
summarized below. 


Particle data for the VPF were collected during pathfinder test 
flows for the Inertial Upper Stage (IUS) and Payload Assist Module (PAM) 
upper stages, (Ref. C-23) and for STS— 7 (Ref. C-35), STS— 8, STS 4 1 B (Ref. 
C-30) , STS-41D (Ref. C-5), STS-41G, STS-51A, and STS-51E (Ref. C-30) pay- 
load processing. * Figure 2.2-14 shows average 24 hour particle fallout 
distributions for STS-7, STS-41B and STS-51A. Data For STS-8 was very 
similar to that of STS-7. STS-41D and STS-51E data generally fell between 
that for STS-51A and STS-41B. Figure 2.2-15 shows the floor plan of the 
VPF and the test locations. High airborne particle counts (particles >0.5 
urn) were approximately 26,000/ft^ and 3000/ft for STS-7 and STS-41D 
processing, respectively. Mean airborne counts were significantly lower. 
The highest recent level was 19,000/ft 3 during STS-51E processing. 


SPIF particle data is available from certification testing, STS-41D 
and STS-51J processing and the period from October through Oecember 1984. 
Table 2.2-12 shows the recorded air particle counts for various SPIF loca- 
tions (Ref. C-5, C— 19 and C-30). Figure 2.2-16 shows the recorded parti- 
cle fallout distributions. 


Table 2.2-12 SPIF Airborne Particle Counts 


SPIF Location 

Airborne Particles > 0.5 /i m/ft 3 


Stag* II 
Tasting 

Stage III 
Processing Flow 

STS-41D 

Payload Processing 

Oct to Dec 1984 

STS-51J 

integration Call 

500 (South) 

1 ,000 (North) 

N/A 

6,500 

N/A 

3,000 

<3,000 

N/A 

<74,000 

N/A 

Transfer Aisle 

100 (South) 
5,000 (North) 

N/A 

8,000 

N/A 

4,000 

<3,000 

N/A 

<5,000 

N/A 

Equipment Air Lock 

1,000 

91,000 

11,000 

95,000 (Door Open) 

N/A 

Canister Air Lock 

1,500 

2,500 

N/A 

14,000 (Door Open) 

N/A 

Personnel Air Lock 

N/A 

N/A 

N/A 

N/A 

N/A 

Service Area 

100 

N/A 

N/A 

N/A 

N/A 

Holding Cell 

100 (South) 
5,000 (North) 

N/A 

8.000 

N/A 

N/A 

N/A 

N/A 

OAS Room 

4,000 

N/A 

N/A 

N/A 

N/A ] 
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Figure 2.2-14 VPF Average Particle Fallout Distributions 



Figure 2.2-16 SP1F Particle Fallout Data 
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Data was collected in the Hangar AE laminar flow cleanroom for com- 
parison to the newer non-laminar STS facilities during a study of KSC STS 
processing facilities (Ref. C-23). Particle fallout data was collected 
near the HEPA filter bank, near a door to a HEPA filtered non-laminar 
area, and in a corner away from activity during processing of a non-STS 
payload. No airborne particle data was collected. The resulting distri- 
butions are shown in Figure 2.2-17. The flat portion of the near-filter 
curve was produced by a single particle larger than 1000 urn. This illus- 
trates how the small sample areas typically counted can lead to overly 
high sensitivities to large particles in the resulting data. 



Figure 2.2-1 7 

Hanger AE Cleanroom Particle Fallout Distributions 


2. 2. 2. 1.8 VLS Orbiter Maintenance and Checkout Facility (OMCF) Particle 
Uata 


The STS facilities at VAFB, including the OMCF, are being completed 
at this time. Table 2.2-5 presented the environmental requirements for 
the facilities. Data for verification of these requirements is not yet 
available. Data will be included in this section as it becomes available. 

2. 2. 2. 1.9 VLS Payload Preparation Room (PPR) Particle Data 

Some data has been collected in the PPR during facility checkouts. 
The particle fallout data was generally low, but the applicability to 
actual payload processing is unknown. 

2.2.2.1.10 VLS Payload Changeout Room (PCR) Particle Data 

Data for the VLS PCR will also be included as it becomes available. 
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2.2.2.1.11 Ground Facility Particle Data Summary 


Ground particle data has been collected for each of the primary SL 
ground facilities (0 and C Building, OPF and PCR) . Data for the OPF and 
PCR have been collected and reported for a number of STS flights, although 
data has not been reported for the latest flights. Only limited data has 
been reported for the 0 and C Building (2 flights), although as a level 4 
facility, continuous monitoring is required. For all three facilities, 
and the other facilities presented herein, the most recent data is proba- 
bly most representative of current operational environments, and are gen- 
erally at such a level so as to be acceptable for typical payloads and 
integration flows. Highly sensitive payloads and payloads exposed for 
long periods should be protected (through the use of covers, for example) 
whenever possible. 

2. 2. 2. 2 Ground Facility Molecular Environment 

The two most commonly considered ground molecular environmental 
parameters are the deposition rate of nonvolatile residue (NVR) on sur- 
faces, and the volatile hydrocarbon content of facility air. Two other 
parameters which can contribute to contamination, and under some circum- 
stances can be considered contamination environments, are facility rela- 
tive humidity and airborne sodium chloride. 

Table 2.2-1 provides requirements for NVR deposition, volatile 
hydrocarbon content, and relative humidity. No requirement is specified 
for airborne salt. 

To monitor NVR deposition. Reference C-3 specifies that for STS 

cargo facilities, stainless steel witness plates be exposed to facility 

atmospheres for a specified period of time, solvent rinsed, and the sol- 

vent filtered, evaporated and weighed. The result is to be reported in 
terms of mg/O.lm 2 /month. This technique may be assumed unless otherwise 

specified in all reports by the STS payload integration contractor (MDAC, 
formerly MDTSCO). Reference C-7 specifies a different NVR monitoring 
technique for STS processing facilities (OPF and PCR). In these facili- 
ties, stainless steel witness plates are also exposed. The plates are 
then washed with CCI4 and analyzed by infrared spectrophotometry. The 

results are reported as N-Hexadecane equivalent. This data is also re- 
ported in terms of mg/O.lm^/month. This technique is assumed in reports 

by the SPC (LSOC). 

As was described in Section 2. 2. 2.1, visual inspections are the 
standard monitoring techniques for monitoring payload and PLB surface 
cleanliness. These are primarily particle inspections, since NVR accumu- 
lations could reach significant thicknesses before appearing in visual 
inspections. Work has not yet been done relating VC levels to NVR deposi- 
tion. The NVR status of PLB surfaces is thus somewhat undefined. Tests 
were conducted on early STS flights by the Aerospace Corporation in which 
PLB surfaces were solvent wiped using a 1,1,1 trichloroethane/ethanol so- 
lution. The wipes were extracted and the solvent evaporated and weighed. 
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For volatile hydrocarbons. Reference C-3 requires that a sample of 
facility air be drawn into an evacuated container. The container is 
transported to a laboratory where the hydrocarbon content is determined by 
flame ionization techniques. The result is reported in terms of parts per 
million (ppm) volume/volume (v/v), methane equivalent. A similar tech- 
nique is specified in Reference C-7, and may be assumed in reports by both 
the SPC and payload integrating contractor. 

An additional technique for volatile hydrocarbon detection was used 
for the air sampler of the IECM. Evacuated sample containers were opened 
in a ground facility. They were then sealed and returned to MSFC, where 
rrr/ s ? m ^ es were ana lyzed using gas chromatography/mass spectroscopy 


Monitoring' requirements for relative humidity in KSC facilities in 
general are that the device used have continuous recording capability 
(Ref. C-3, C-7 and C-8) . Relative humidity measurements are felt to be 
well enough understood so as to make the specific monitorinq technique 
non-critical . 


References C 3 and C— 8, and Table 2.2-1 do not impose airborne salt 
monitoring requirements on KSC cargo facilities. This parameter is there- 
fore not usually measured in these facilities. Reference C-7 does describe 
monitoring provisions for the Shuttle processing facilities. Aerosol sam- 
ples are taken through membrane filters. The filters are placed in deion- 
ized water, and the water is analyzed for sodium content by atomic absorp- 
tion. The results are expressed as grams of NaCl/m3. 

The following sections present the available molecular environ- 
mental data for STS ground facilities. 

2. 2. 2. 2.1 0 and C Building Molecular Data 

The PSA samples exposed in the 0 and C Building during STS-9 (SL-1) 
processing (see Section 2. 2. 2. 1.1) were examined for contamination induced 
changes in UV transmittance and reflectance. The measurements failed to 
show any evidence of molecular contamination (Ref. C-14). 

Quantitative volatile hydrocarbon, NVR and humidity data were col- 
lected by MOTSCO during STS-41D processing in the 0 and C Building and 
additional NVR data were collected during the first half of 1985 (Ref. 
C-15). NVR levels recorded were less than 0.1 mg/0.1m2/week, or less 
than 0.5 mg/O.lm^/month (Ref. C-5). The recorded volatile hydrocarbon 
level was 2.8 ppm (vol./vol., methane equivalent). The relative humidity 
ranged between 41 and 45 percent (Ref. C-5). The 0 and C Building molecu- 
lar data is summarized in Table 2.2-13. 


2. 2. 2. 2. 2 MMSE Canister Molecular Data 


The WISE Canister environment was monitored during the STS-2 0STA-1 
payload processing. The recorded volatile hydrocarbon environment re- 
mained below 8.4 ppm. Relative humidity was between 30 and 50 percent 
(Ref. C— 1 7 ) . 
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Table 2.2-13 

0 and C Building Molecular Environments 


Environment 

Time Period 

STS-4 10 

Jan to June 1985 

NVR 

Volatile Hydrocarbons 
Relative Humidity 
NaCI Content 

<0.5 mg/0.1 m 2 /month 

2.8 ppm 

41-45% 

Not Reported 

0.15 mg/0.1 
m 2 /month 
Not Reported 
Not Reported 
Not Reported 


Molecular data were also collected in the Canister during STS-41D, 
STS-51A, STS-51C and STS-51J processing (Ref. C-5, C-15 and C-30). Canis- 
ter molecular environments are summarized in Table 2.2-14. 


Table 2.2-14 

MMSE Canister Molecular Environments 


Environment 

STS Flight 

STS-2 

STS-4 10 

STS-51A 

STS-51C 

STS-51J 

NVR 

Volatile Hydrocarbons 
Relative Humidity 
NaCI Content 

Not Reported 
<8.4 ppm 
30-50% 

Not Reported 

No Measurement 
<1.8 ppm 
36 - 49% 

Not Reported 

Not Reported 
1 .5 ppm 
29-35% 

Not Reported 

Not Reported 
44.7 ppm (Painting) 
26 - 35% 

Not Reported 

<0.1 mg/0.1m 2 /month 
1 .3 ppm 
40 - 49% 

Not Reported 


2. 2. 2. 2.3 OPF Molecular Contamination 

Early OPF molecular environmental data was collected during STS-2 
processing (Ref. C-17 and C-24). As with the particle data, modifications 
to the OPF make more recent data more representative of the current situa- 
tion. OPF volatile hydrocarbon data was also collected on STS-2 by the 
gas sampler of the MSFC IECM (Ref. C-25) and in the same manner for STS-3 
and STS-4 (Ref. C-26 and C-32). The SPC also tested the OPF molecular 
environment during STS-14 processing, prior to combination of that mission 
into STS-4 ID (Ref. C-27). Additional data was collected during June of 
1985 (Ref. C— 31 ) . 

The OPF molecular environment is summarized in Table 2.2-15. 


Table 2.2-15 OPF Molecular Environments 


Environment 

Time Period j 


STS-2 

STS-41D 

June 1985 

NVR 

Not Reported 

0.31 mg/0.1 m 2 /mo 

0.3 to 0.7 mg/0.1 m 2 /month 

Volatile Hydrocarbons 

6-9 ppm (15-ppm 
Painting) 

4-6 ppm 

2 to 9 ppm (27 ppm 
Waterproofing) 

Relative Humidity 

42-48% 

(85% Excursion) 

<50% 

Not Reported 

NaCI Content 

Not Reported 

Not Rtportad 

Not Reported 

J 
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2. 2. 2. 2. 4 KSC PCR Molecular Environment 

The molecular environment of the PCR was monitored during STS-7 by 
MDTSCO prior to their selection as payload integration contractor. In 
this test, the NVR method currently used by LSOC was used (Ref. C— 35 ) . 
Gas samples were taken by the MSFC IECM air sampler in the PCR during 
STS-9 ( SL— 1 ) final closeout (Ref. C— 14) . The molecular environment has 
also been reported by the SPC for the STS-9 through STS-51E integration 
flows (Ref. C-10, C-29 and C-33). The molecular data is summarized in 
Table 2.2-16 and Figure 2.2-18. 

Table 2.2-16 KSC PCR Molecular Environments 


Environment 

STS Flight 





STS-7 

STS-41B 

STS-41C 

"sTS-Sie 

NVR, mg/0.1 m 2 /month 

<2.4 

o 

4* 

O 

‘m 

0.7 (Avg) 

0.15*0.28 

Volatile Hydrocarbons 

2.1 • 3.9 ppm 

2.1 - 3.7 ppm 

2 J2 - S.4 ppm 

2.7 ppm 

Relative Humidity 

27 - 60% 
(Exc to 76%) 

20-33% 

21 - 37% 

Not Reported 

NaCI Content, mg/m 3 

0.024 ■ 2.35 

0.9 • 8.6 

0.1 - 1.5 

0.1 * 18 jLi g/m 3 (sic) 



Figure 2.2-18 Average PCR NVR Levels 


2. 2. 2. 2. 5 STS Ferry Flight Molecular Oata 

No direct measurements of the molecular environment during post- 
landing and ferry flight mission phases have been conducted. Indirect 
measures of changes in optical properties have been conducted using the 
PSA/ POSA samples described in Section 2. 2. 2. 1.8 and the Optical Effects 
Module of the IECM (STS-2, -3, -4, and -9, Ref. C-14, C-25, C-26 and 
C— 32 ) . In general, observed changes fall within the sensitivity band of 
the instru- ment and/or changes are not observed by all samples on a given 
flight. There is no substantive evidence of significant molecular contam- 
ination on STS ferry flights. 
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2. 2. 2. 2. 6 Orbiter PLB Molecular Data 


Tests were conducted by the Aerospace Corporation on STS-1, STS— 2 , 
and STS- 3 where areas of the Orbiter PLB were solvent wiped and the sol- 
vent was extracted, evaporated and weighed. The STS-3 measurements were 
made after the Orbiter had landed and returned to KSC and the OPF. Table 
2.2-17 presents the results of these tests (Ref. C-40). The variability 
of the data probably indicates the presence of localized spots of contami- 
nation. Dual readings for the forward bulkhead and right longeron indi- 
cate different samples from the same general location. Reference C-40 
notes that more standardized cleaning and inspection procedures were 
implemented subsequent to these measurements (after STS-4). 

Table 2.2-17 

Orbiter PLB NVR Measurements 


Location 

STS-1. 
mg/ft 2 

STS-2, 

mg/ft 2 

STS-3. 

mg/ft 2 

Fwd Right Radiator 

1.14 

0.33 

0.15 

Mid Right Radiator 

0.80 

N/A 

N/A 

Aft Right Radiator 

0.34 

0.46 

N/A 

Aft Laft Radiator 

0.26 

0.15 

N/A 

Fwd Laft Radiator 

N/A 

0.61 

N/A 

Fwd Bulkhead 

N/A 

0.48 

0.80 

1.45 

Right Longeron 

N/A 

14.9 

5.0 

1.60 

0.05 

Aft Bulkhead 

N/A 

0 

N/A 


2. 2. 2. 2. 7 Other KSC Facility Molecular Data 

Data on the molecular environment has also been collected in the 
VPF and the SPIF. The VPF data was collected by MDTSCO during STS-7, 
STS-41D, STS-41G, STS-51A and STS-51E payload processing. The SPIF data 
was also collected by MDTSCO during facility certification, STS-4 ID and 
STS-51J payload processing (Ref. C-5 and C-20) and October 1984 to January 
1985 (Ref. C-30) . The NVR measurements for STS-7 processing were conduc- 
ted using the infrared spectrophotometric technique described in Section 
2. 2. 2. 2 (Ref. C-35). All other measurements were as described for MDAC in 
that section. The molecular environmental data for the VPF is summarized 
in Table 2.2-18. The data for the SPIF is summarized in Table 2.2-19. 


Table 2.2-18 VPF Molecular Environments 


Environment 

STS Flight | 


STS-7 

STS-4 ID 

STS-41G | 

STS-51A 

STS-51E 

NVR (mg/0.1m 2 /month) 

0.06- 1.8 

0.66 

0.4 

0.3 

0.2 

Volatile Hydrocarbons 

1.6 • 2.1 ppm 

2.5 ppm 

2.2 • 2.8 ppm 

2.0 • 22 ppm 

22 ■ 2.8 ppm 

Relative Humidity 

38-52% 

40 - 46% 

(Airlock: 43-63%) 

39 - 43% 

Not Available 

37 - 52% 

NaCI Content 

Non Monitored 

Not Reported 

Not Reported 

Not Reported 

Not Reported 
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Table 2.2-19 SP1F Molecular Environments 


Environment 

Time Period 


STS-41D 

STS-51J 

Oct 1984 - Jan 1985 

NVR (mg/o.l m 2 /month) 
Volatile Hydrocarbons 
Relative Humidity 
NaCI Content 

<0.2 

2 ppm 
37 - 46% 

Not Reported 

0.1 

2 • 5 ppm 
Not Reported 
Not Reported 

0.0 - 1.25 
2 - 10 ppm 
Not Reported 
Not Reported 


2. 2. 2. 2. 8 VLS OMCF Molecular Data 


The environmental requirements of the VLS STS facilities, including 
the OMCF were presented in Table 2.2-5. Verification of the requirements 
has not yet been performed. Data will be included in this Handbook -as 
they become available. 

2. 2. 2. 2. 9 VLS PPR Molecular Data 

PPR molecular data will be included in this Handbook as they become 
available. Some data has been collected during facility checkout, but it 
was collected while activities not typical of actual processing were oc- 
curring. 


2.2.2.2.10 VLS PCR Molecular Data 

Data for the VLS PCR Molecular environment will be included herein 
as they become available. 

2.2.2.2.11 Ground Facility Molecular Data Summary 

In general, the NVR deposition rate is the most important molecular 
data for payload processors to know. The allowable levels of 1 and 2 
mg/0.1mZ/month for level 4 and 5 CWAs, respectively, should be accepta- 
ble for typical payloads and ground flows. Most of the reported data has 
actually been well within these allowables. Payloads highly sensitive to 
very thin layers of molecular deposits should be protected from this en- 
vironment whenever possible. Protection could include covers and purge 
systems. 

2.2.3 Additional Ground Contamination Data 


This section describes additional data not yet published (and, in 
some cases, raw data not planned for publication), additional data not 
recorded that is needed in order to more completely define the Shuttle/ 
Spacelab ground contamination environment, and additional data for which 
collection has been planned. 
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2. 2. 3.1 Unpublished Ground Contamination Data 


For the purposes of this Handbook, published data is defined to 
include viewgraph data presented at meetings in addition to the formally 
published citations. While this definition sometimes includes data pre- 
sented as preliminary or partial results, and data published only in meet- 
ing minutes with limited distribution, it allows the inclusion of data for 
which no more formal publication will occur. Unpublished data is there- 
fore only that data which has been recorded but not released. It is 
requested that any reviewer or user of this Handbook who is aware of data 
not included in the text or bibliography contact the Martin Marietta and/ 
or Marshall Space Flight Center personnel listed in the Foreword of this 
document. 

Considerable quantities of ground contamination data are collected 
during a typical STS payload processing flow. As shown in Table 2.2-1, 
Reference C-3 requires that airborne particles, relative humidity, parti- 
cle fallout and NVR deposition be monitored continuously in KSC level 4 
CWAs. Reference C-8, however, requires that environmental data only be 
reported in the event that requirements are exceeded. The reports are 
made to the KSC or CCAFS facility manager. In general, facility environ- 
mental data has been promptly sumnarized at frequent Air Force and other 
contamination working group meetings, and these summaries have contributed 
significant portions of the data included herein. 

In addition to the monitoring by KSC contractors cited above, some 
monitoring of KSC facilities has also been conducted by other agencies. 
The Jet Propulsion Laboratory (JPL) has collected ground particle and 
molecular data on flights STS-6, STS-7, STS-8, STS-41B, STS-41D, STS-41G 
and STS-51F which were not available for this Handbook edition. 

One other set of unpublished ground particle data was collected 
during STS 51-J. (Ref. C-41) Polyethelene tape as specified in a proposed 
ASTM procedure for a tape lift test for particulate contamination was pro- 
vided to LSOC by Martin Marietta. Tape lift samples were collected from 
various PLB surfaces approximately 3 hours prior to closure of the PLB 
doors. The results of these tests have not yet been released. 

2. 2. 3. 2 Needed Ground Facility Data 


The most obviously needed ground facility data is that for the VLS 
facilities. In the case of the early KSC Shuttle launches, four develop- 
mental flights were flown, during which flaws in the contamination control 
provisions could be identified and rectified. Despite this shakedown 
phase, significant contamination problems occurred on STS-6, after which 
further modifications were made to alleviate contamination problems. This 
is not the approach to be taken at VLS, where the first launch will be an 
operational military mission. It is important that the lessons learned in 
bringing the KSC facilities to operational status be heeded, and that 
appropriate environmental data be collected prior to facility first use. 
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Other needed data includes: 1) the NVR deposition level in the PLB 
for current operations (the amount of PLB NVR has an impact on the flight 
molecular environment, and may be representative of payload surfaces at 
launch); and 2) a comparison of the various techniques currently used for 
NVR monitoring at KSC. 

An entire set of data similar to that collected on STS-51J and 
described above is needed to accurately quantify the Orbiter PLB cleanli- 
ness at launch. There are currently no reliable data on actual PLB clean- 
liness, nor is there a method for quantifying the cleanliness of a surface 
that passes a VC-1 inspection from 10 feet. 

2. 2. 3. 3 Planned Ground Facility Data 

Under the requirements of Reference C-3, the monitoring of KSC 
facilities during Orbiter and payload processing operations will continue. 
In addition to these, some other ground facility monitors are planned. 
NASA has recently incorporated a set of standard witness plates on the STS 
aft bulkhead cover used during ground processing which is removed prior to 
launch. 


Several planned tests described in the first edition of the Hand- 
book are no longer planned. The fifth flight of the IECM was scheduled 
for the STS-51F/SL-2 flight. Weight restrictions forced the removal of 
the IECM from the manifest. No further flights are anticipated. Tests at 
JSC similar to the Martin Marietta Visibly Clean quantification tests did 
not yield useful results. Some testing may continue, at the NASA WSTF. 
Finally, a comparison of the various NVR test methods currently in use was 
planned by Martin Marietta. The technique used by one of the KSC contrac- 
tors has not been obtainable, since the technique is considered proprie- 
tary, so this comparison has not been possible. An effort is currently 
underway by the American Society for Testing and Materials to standardize 
NVR tests, and this may lead to a more uniform data base in the future. 

2.2.4 Ground Facility Analytical Tools and Models 

Section 2.2.2 presented the currently available facility contamina- 
tion data for STS-related facilities. This section provides descriptions 
of models and examples for translating the ground data into predictions of 
contamination of Spacelab experiment surfaces. Current models will pre- 
dict levels of surface deposition from ground facility sources. A discus- 
sion of the prediction of the effects of the comtaminant deposits will be 
deferred to Section 2.3, Flight Contamination Environment since the launch 
environment must be considered before final on orbit deposition levels may 
be determined. 

2. 2. 4.1 Ground Particle Analytical Tools 

The information available on STS facility particle Environments 
generally includes the minimum environments the facility is required to 
provide, and at least some data on the actual environments provided. The 
amount of data available for given facilities varies greatly. Data may be 
available for a facility from only one or a few STS missions, or from most 
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flights. Data may be summaries of peak levels, or compilations from which 
averages may be inferred. Data on facility airborne particles are re- 
ported in various forms such as number of particles per ft 3 greater than 
0.5 um, and additionally (in some cases) numbers greater than 5 ym. Sur- 
face deposition rates may be in terms of total particles collected larger 
than a given size, numbers of particles in a given range, or graphical 
representations of complete particle size distributions. In contrast, the 
most interesting information for a user of the STS as a launch vehicle is 
the type of contamination present on the surfaces (and, in some cases, in 
the field-of-view) of his equipment when the equipment must perform on 
orbit. The quantities and types of data available from appropriate ground 
facilities determines the types of analysis tools needed to predict parti- 
cle deposition levels. This section describes how the various types of 
available data may be translated to total predicted ground deposits. Sec- 
tion 2. 3. 2. 3 will describe how total deposition on orbit may be inferred 
from ground deposits, and how predictions of Orbiter PLB particle genera- 
tion behavior may be made. After the orbital levels are determined, the 
user can utilize the effects information of Section 2. 3. 2. 1.4 to determine 
if his equipment is compatible with the predicted environment, or whether 
some of the prevention techniques of Sections 2.2.5 and 2. 3. 2. 4 are neces- 
sary. 


2. 2. 4. 1.1 Obscuration Ratio from Deposited Particle Size Distributions 

The most detailed particle deposition data generally available from 
STS facilities is a distribution of particle sizes and numbers deposited 
on a surface in a 24-hour period. A more useful parameter for evaluating 
surface particle contamination is the fraction of total surface area ob- 
scured by the deposited particles, termed the obscuration ratio. A tech- 
nique has therefore been developed to convert a particle size distribution 
to an obscuration ratio. Section 2. 3. 2. 3 will describe how the obscura- 
tion ratios of the various Orbiter PLB surfaces at launch may be used to 
predict an obscuration ratio of a given surface on orbit, and how obscura- 
tion of various surfaces affect their performance. 

The important parameter in determining obscuration ratio for a sur- 
face is the number of particles per unit area present as a function of 
particle cross-sectional area. The particle size used in developing par- 
ticle size distributions is typically the greatest linear dimension of a 
given particle. Thus, a spherical particle 500 ym in diameter and a fiber 
500 ym in length appear on the final distribution as equivalent, even 
though they may have significantly different cross-sections. To assess 
how cross-section varies with particle size, a microscopic evaluation of 
the ratio of particle width to length (w/d) was conducted on particles 
collected in operational cleanrooms at Martin Marietta (Ref. C-42). The 
evaluation indicated that for particles with largest dimensions less than 
approximately 70 ym, the width to length ratio is usually on the order of 
0.65, with 1.0 being spherical. For particles with dimensions greater 
than 70 ym, the particles become increasingly fibrous with particle size. 
The data collected is shown in Figure 2.2-19. Areas for particles are 
calculated assuming that particles are cylindrical with hemispherical 
ends. Particles with width to length ratios of 1 have circular areas, 
while those with small width to length ratios are nearly rectangular. 
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Once a particle size distribution and a function defining the vari- 
ation in cross-section with size is available, the area obscured by the 
presence of particles may be obtained directly by integrating particle 
cross-section over the particle size range. This integration has been 
performed at Martin Marietta for several linear (on log normal plots) par- 
ticle size distributions of various slopes. A mathematical function was 
then developed which approximates the integral results for particle size 
distributions with slopes ranging from -0.333 to -0.5 (typical of measured 
KSC facility distributions). Thus, for a linear particle size distribu- 
tion, and considering the variation of particle cross-section with size, 
obscuration ratio may be determined from: 

OR = N(TNP) 2.2-1 


where 


OR = obscuration ratio; 

TNP = total number of particles/ft2 larger than 5 um; 

N = 10 A , where A = -( 35 .4[Log( -SLP) + 2.294])l/2 ; and 
SLP = slope of the particle size distribution when plotted on a log- 
normal scale. 


Example 2. 2. 4. 1.1 

Calculation of daily surface obscuration based on 
STS-41B worst average 24-hour fallout for the PCR. 

Solution: 

Worst daily average STS-41B 24-hour particle deposition 
is shown in Figure 2.2-20. Linear regression gives a 
line of slope -0.4504 with 5687 particles larger than 5 
um deposited per day for this curve. The curve and the 
linear approximation are shown in Figure 2.2-20. Ap- 
plying Equation 2.2-1, 

OR = 2.8 x 10-5/day. 


This method calculates obscuration ratios based on particles larger 
than 5 um. Reference ( C— 43) indicates that OR can be strongly influenced 
by particles smaller than 5 urn. This analytic conclusion is based on par- 
ticle size distributions parallel to (and some steeper than) those from 
MIL-STD-1246A. For those types of slopes, small particles can strongly 
affect obscuration ratios. For slopes more characteristics of actual 
fallout data, however, particles less than 5 u m have a much smaller ef- 
fect. Slopes of sub 5 u m, particles tend to naturally be small, since 
settling rates for these are small (although the resistance to cleaning 
small particles possess tends to counteract the lower settling rate im- 
pact). The error induced in calculated obscuration ratios by neglecting 
particles between 1 and 5 um ranges from 1 percent for slopes parallel to 
typical 5 to 50 um data, to 8 percent for slopes parallel to MIL-STD-1246A 
distributions. Actual size distribution data for particles smaller than 5 
um are not typically available, due to the difficulty in counting these 
sizes. Currently, it is recommended that obscuration ratios calculated 
base on size distributions for larger than 5 um particles be used, pending 
data showing that this approach results in unacceptable inaccuracy. 
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The above method requires counts of particles larger than 5 w m. 
Most recent KSC fallout data, however, does not include information on 
particles smaller than 50 y m. A second technique has been developed re- 
cently by Raab of Martin Marietta. This technique relies on an "average" 
particle size distribution derived from approximately 60 sets of particle 
fallout data for the OPF, SPIF, VPF, and PCR. The number of particles 
larger than 50 urn is then used to determine where this average size dis- 
tribution falls on a MIL-STD-1246A plot. Equation 2.2-1 is again used to 
calculate OR, but in this case: 

TNP = total number of particles/ft 2 larger than 50 uin; and 
N = 6.58 x 1(T 8 . 


It should be noted that this second technique relies on the size 
distribution being "typical". Unusual distributions will have actual ORs 
not in agreement with those calculated by this technique. 

2. 2. 4. 1.2 Obscuration Ratio from Total Fallout Count 


In some instances, particle fallout distributions are not pre- 
sented, and fallout data is simply presented as the number of particles 
present larger than 5 um. The technique used to address this situation 
provides a general obscuration ratio based on a representative particle 
distribution curve. The technique will also be used in the next section 
to predict obscuration rates from air cleanliness data. 

Reference C-44 reviewed particle size distributions for five previ- 
ous studies of cleanroom particle fallout, as well as those of MIL-STD- 
1246A (Ref. C-6) . When the measured data were normalized to show relative 
populations and fit to straight lines, the slopes of the lines fell be- 
tween -0.311 and —0.557 when plotted on the log normal scale of Reference 
C-6. Four of the five data sets fell between slopes of -0.311 and -0.380. 
The slope of Reference C-6, on the other hand, is -0.926. 


If the one slope not between -0.311 and -0.380 is discarded, the 
average for the four remaining slopes is -0.34. Since a smaller absolute 
slope value indicates a greater relative number of large particles, obscu- 
ration ratio for a given number of particles increases as the slope ap- 
proaches zero. A slope of -0.333, while representative of the four data 
sets used, is somewhat more conservative than the numerical average value. 
This is the value of particle distribution slope selected by Martin Mari- 
etta in developing a generalized obscuration ratio calculation technique 
(Ref. C— 42) . 


When Equation 2.2-1 is applied using a slope of -0.333, the curve 
of Figure 2.2-21 results. This figure presents obscuration ratio as a 
function of total number of particles larger than 5 um, assuming a linear 
particle size distribution slope of -0.333 and taking into account the 
variation in particle cross-section with size. The curve can then be used 
to predict obscuration or obscuration rates when only total particle 
counts are available. 
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Particle Fallout per ft 2 ^>5 {Ji m 

Figure 2.2-21 

Obscuration Ratio versus Number of Particles per ft 2 
> 5 \xm Using Experimental Shape Factor 


Example 2. 2. 4. 1.2: Calculation of obscuration ratio from total particle 

fallout counts, using average total PCR counts from 
Reference C-23, STS-4. 


Solution: Reference C-23 reports that the average 24-hour fallout 

count for the PCR during STS-4 operations subsequent to 
the MMSE canister arrival was 7309 particles/ft 2 . 
For this total particle count Figure 2.2-21 gives an 
obscuration ratio of 6.65 x 10~5 per day. 


2. 2. 4. 1.3 Particle Fallout Predictions from Air Cleanliness Data 

In some cases, representative witness plate fallout data is not 
available for a facility of interest. If air cleanliness data or require- 
ments are available, the number of particles per ft^ larger than 5 urn 
may be used to predict the rate of particle deposition on a surface. 

Reference C-45 compiled air cleanliness and particle fallout data 
from a number of earlier cleanroom studies. The fallout data used was the 
total number of particles collected in 24 hours per ft 2 larger than 
5 um. The air cleanliness data used was the average number of particles 
per ft^ larger than 5 pm. The data used in the referenced study are 

plotted in Figure 2.2-22. This figure represents the Hamberg particle 
fallout model, named for the author of the study. The author performed a 
nonlinear regression analysis using the logarithms of the fallout rates 
and developed the following expression for fallout as a function of air 
cleanl iness. 
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where 


n = 2.851(10 3 )N c 0- 77 3 


2 . 2-2 


n = number of particles >5 ym sett 1 ed/ft 2 /24 hours; and 

N c = number of particles >5 ym /ft 3 of air. 

This equation represents the mean curve of Figure 2.2-22. Hamberg 
recommends that this and other curves of the figure be used as follows: 

a) For conventional type cleanrooms, with 15 to 20 air changes/ 
hour, use the mean fallout rate; 

b) For cleanrooms with considerably less than 15 to 20 air changes/ 
hour, approaching still air, use the maximum 95 percent confi- 
dence limits to obtain conservatively high fallout rates; and 

c) For cleanrooms with directional velocities near 90 feet/minute, 
approaching laminar flow type rooms, use the minimum 68 percent 
confidence limits to obtain conservatively high fallout rates. 

KSC payload facilities generally fall in the 15 to 20 air changes 
per hour category. In a study of KSC facility environments and fallouts 
during the first four STS ground flows, the correlation was generally 
found to fall near the mean curve of Figure 2.2-22, as is suggested in the 
above groundrules. Thus Equation 2.2-2 may be used directly, or the mean 
curve from the figure may be used to predict particle fallout rates from 
air cleanliness data. The technique described in Section 2. 2. 4. 1.2 for 
Figure 2.2-21 can then be used to convert the predicted fallout count to 
an obscuration ratio. 


Example 2. 2. 4. 1.3: Based on the peak airborne particle count of STS-41B 

processing in the PCR, calculate the daily fallout rate 
and obscuration rate. (See Section 2. 2. 2. 1.6) 


Solution: Reference C-10 reports that during PCR main door open- 

ing and canister arrival activity, airborne particle 
counts of 14,500/ft 3 for particles larger than 0.5 ym 
were recorded. Assuming an airborne particle distribu- 
tion from Fed. Std. No. 209B, 102 particles/ft 3 lar- 

ger than 5 ym would be predicted from this count. From 
Figure 2.2-22, the mean curve gives a deposited parti- 
cle prediction of 95,000 particles/ft 2 for this 

count. Figure 2.2-21 translates this prediction to 0.1 
percent obscuration per day. 

2. 2. 4. 1.4 Prediction of Obscuration Ratio from Visibly Clean Inspections 

Section 2. 2. 2. 1.9 described the results of tests to quantify NASA 
visibly clean levels. The tests provide quantitative correlations for 
inspections of surfaces from up to five feet, but indicate that the ten 

foot maximum inspection distance for the Shuttle Standard (VC-1) cleanli- 

ness level may be ineffective for particle detection. For inspections 
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from five feet, a typical OR of 1 percent is indicated for Beta Cloth (PLB 
liner material) surfaces, and 2 percent for dimpled silver Teflon (Orbiter 
radiators). Mirrored surface ratios as low as 0.25 percent were also seen 
in the test. Data is unavailable to quantify surface cleanliness after 
inspections from ten feet, but obscuration ratios 4 times higher than 
those measured in the test may be reasonable. Values of 2 percent obscur- 
ation for VC-1 Beta Cloth surfaces and 4 percent for dimpled silver Teflon 
are suggested for total particle population analysis (Standard Orbiter 
Cleanliness) 

2. 2. 4. 1.5 Cleanliness and Obscuration on Vertical Surfaces 

In testing at AEDC (Ref. C-46), the ratio of vertical to horizontal 
deposition of particles was found to average 0.2 percent. In similar test- 
ing at TRW (Ref. C-47), an average as high as 10 percent was reported. No 
explanation for this wide disparity has been offered. In two recent tests 
at Martin Marietta, average ratios of 5 percent (Ref. C— 13 ) and 3.2 per- 
cent (Ref. C-38) were recorded. Obscuration ratio was also measured in 
the second test, with vertical surface obscuration 1.2 percent of that 
found on horizontal surfaces. This is the ratio currently used in contam- 
ination analyses at Martin Marietta. Given the ratio of vertical to hori- 
zontal deposition, vertical predictions may be made directly from the 
results already described in Sections 2. 2. 4. 1.1, 2. 2. 4. 1.2, and 2. 2. 4. 1.3. 

2. 2. 4. 1.6 Integrated Ground Particle Analysis 

As will be described in Section 2. 3. 2. 3, the critical parameters 
for predicting the particle contamination levels of STS payloads on orbit 
are the payload critical surface location and orientation, and the obscur- 
ation ratios present at launch for each of the Orbiter PLB and payload 
surfaces. In general, the obscuration ratio of a surface at launch is 
given by: 

OR = 0R o + 0R(t)t 2.2-3 

where 

0R o = obscuration ratio of surface after last cleaning prior 
to launch; 

0R( t) = time (or facility) varying obscuration ratio change 
rate; and 

t = time from last cleaning to launch. 

Section 2. 3. 2. 3 will describe how particles may be dislodged and 
will migrate during launch. Thus, the cleanliness of a particular instru- 
ment at launch may become secondary in comparison to the cleanliness of 
the huge vertical surface areas of the Orbiter PLB (liner, doors, and 
radiators). The general application of Equation 2.2-3 is therefore to 
calculate the obscuration ratios of the large surface areas of the Or- 
biter. Table 2.2-20 summarizes the large Orbiter PLB surface areas (Ref. 
C-48) . 
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Particle Fallout IN,) Particles/ft 2 /24 hr > Microns 



Figure 2.2-22 

Hamberg Model of Particle Fallout Rates with Originating Data 
Points (Ref C-34) 
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Table 2.2-20 Orbiter PLB/SL Surface Areas 




Orbiter Horizontal 

Orbiter Vertical 

Surface 

Total Area 

(cm 2 ) 

Horizontal Area 
(cm 2 ) 

Vertical Area 
(cm 2 ) 

Horizontal Area 
(cm 2 ) 

Vertical Area 
(cm 2 ) 

PLB Liner 

1.31x10 s 

6.55x10 s 

6.55x10 s 

0 

1.31x10 s 

Doors/Radiators 

1.31x10 s 

1.31x10 s 

0 

0 

1.31x10 s 

Bulkheads 

3.28x10 s 

0 

3.28x10 s 

1.64x10 s 
(Sam* Invartad) 

0 

SL Long Module 

1.25x10 s 

2.41x10 s 
(Sam* Invtrted) 

1.02x10 s 

1.43x10* 

(Same Inverted) 

9.65x10 s 

SL Short Module 

7.84x10 s 

1.01x10 s 
(Sam* Invartad) 

5.43x10 s 

1.43x10* 

(Same Inverted) 

4.98x10 s 

SL Pallet 

1.16x10 s 

5.8x10* 

5.8x10* 

0 

1.6x10 s 


2. 2. 4. 2 Ground Molecular Analytical Tools 

Data for up to four ground molecular environments were presented in 
Section 2. 2.2.2: NVR deposition, airborne volatile hydrocarbons, airborne 

NaCl , and relative humidity. Some portion of ground NVR deposited on PLB 
SL surfaces will remain as a contaminant on surfaces in the STS orbital 
environment, while the remainder of the ground NVR will be outgassed as a 
potential contaminant for other surfaces or f ields-of-view. Ground vola- 
tile hydrocarbon content may influence NVR deposition. Airborne NaCl can 
influence contamination generation from corrosion and may deposit as a 
permanent contaminant itself. NaCl deposition is included as NVR in gra- 
vimetric NVR analyses, but not in infrared spectrophotometry analyses look- 
ing for hydrocarbons. Relative humidity also influences corrosion rates, 
and airborne water may be absorbed by hygroscopic materials and be re- 
emitted on orbit as a f ield-of-view contaminant. 

While the above data are routinely collected, models do not cur- 
rently exist for utilizing the airborne data. Ground molecular analysis 
techniques are limited to prediction of surface NVR levels at launch. 

The analysis technique for predicting NVR levels is similar in form 
to that used for obscuration ratio: 

NVR - NVR 0 + NVR(t)t 2.2-4 

where 

NVR * deposited nonvolatile residue at launch; 

NVR 0 = nonvolatile residue remaining after last cleaning 
operation; 

NVR(t) . time (or facility) dependent nonvolatile residue 
deposition rate; and 
t = time from last cleaning to launch. 
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The application of this method is considerably different from that 

for particulate obscuration ratio, however. With obscuration, the total 
particle population is important because particles are readily excited and 
migrate during launch. With NVR, the standard analytic approach is to 
assume all ground NVR remains on the surface throughout the flight phase 
of the mission. This is considered a conservative approach since the 

probability that molecules re-emitted on orbit will condense on another 
surface is considerably lower than the probability that particles excited 
during launch will deposit on another surface. For some surfaces that are 
very clean at launch and must remain so in orbit, NVR migration may war- 
rant further investigation. 

Data relating NVR 0 to typically used cleaning techniques is not 

currently available. The determination of this level is therefore the 

responsibility of the experiment manufacturer. If solvent type cleaning 
activities are not planned at the launch site, then NVR 0 becomes the NVR 
level present at the time the experiment arrives at the site. If the 
experiment is sensitive to contamination, the designer should determine 
the level he can tolerate at launch, and work back to the level necessary 
at arrival. In general, a precision cleaned surface may be considered to 
be at the highest NVR cleanliness level specified in Reference C-9, Level 
A, equal to or less than 1 mg/O.lm^. This should be a conservatively 

high value for NVR 0 for a surface cleaned explicitly for NVR removal. 
After NVR 0 is established, the level of NVR present at launch may be 
calculated by summing the deposition rates for each facility multiplied by 
the time spent in each of the facilities. 


Example 2. 3. 4. 2: Predict the NVR level present at launch for a surface 

exposed during the entire ground flow experienced by 
the IECM on SL-1 (STS-9). Assume an initial NVR level 
of 1.0 mg/O.W. 


Solution: NVR collection was not conducted during the SL-1 ground 

flow. High recorded values for facilities in other 
recent flows will be used. From the tables of Section 
2. 2. 2. 2, NVR levels for the 0 and C Building, OPF and 
PCR are 0.5 mq/O.lm^/month, 0.31 mg/O.lm^/month, 
and 0.7 mg/O.lmwmonth, respectively (Canister not 
considered since exposure time is normally very short). 
From Reference C— 14 , the IECM was exposed in the 0 and 
C Building for approximately four months, and the dura- 
tion in the OPF and PCR was a total of one month (one 
half month will be assumed for each facility). Apply- 
ing Equation 2.2-4 gives a total NVR level at launch of 
3.5 mg/O.lm 2 . 


2.2.5 Ground Contamination Preventative Techniques 

Once it has been determined that an experiment is sensitive to con- 
tamination, and an evaluation of the data available indicates that the 
ground environment may degrade the performance of the instrument on orbit, 
preventive measures for use on the ground should be considered. 
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Reference C-9 presents the contamination control requirements for 
the STS program. This includes the minimum requirements a payload must 
meet to prevent contamination of other payloads, and provisions that may 
be used to reduce the contamination of sensitive payloads. Contamination 
reduction techniques applicable to ground activities include the develop- 
ment of a contamination control plan in order to identify operations to 
prevent unforeseen contamination prior to launch; design of equipment to 
allow contamination removal; selection of controlled environments for man- 
ufacture, assembly, test, shipment and integration, should they be deemed 
necessary; contamination detection and monitoring provisions; packaging 
provisions to protect hardware when access is not necessary; evaluation of 
subcontractor operations and component delivery cleanliness; control of 
fluids used for ground servicing and tests; identification of cleaning 
processes compatible with the hardware design and materials; and training 
of personnel in contamination control techniques. More detailed informa- 
tion on ground contamination control is available in several other docu- 
ments, including Reference C-49 (design, cleaning, cleaning agents, clean- 
rooms, microbes, packaging procedures, packaging materials, packaging ver- 
ification, cleanliness maintenance, and personnel activities). Reference 
C-50 (cleanrooms) , Reference C-4 (cleanrooms) , and Reference C-51 (inspec- 
tions, cleanrooms, personnel, tools, garments, cleaning, packaging, fabri- 
cation, maintenance, and fluids). 

In addition to the above traditional control techniques, some STS 
payloads currently plan to use localized HEPA filtered air or a dry N2 
purge, and shrouds or covers to be removed shortly before launch. 

2.2.6 Key Ground Contamination Technical Personnel 

The following personnel are currently active in the characteriza- 
tion and assessment of ground contamination related to spacecraft, and 


particularly related to the STS/SL: 

Organization 

Telephone 

Don Bartelson 

LSOC 

(303) 867-0960 

Brent Wenkstern 

MDAC 

(305) 867-4328 

Virginia Whitehead 

KSC 


J. M. Ragusa 

KSC 


Lubert J. Leger 

JSC 

(713) 483-2059 

Steve Jacobs 

JSC 

(713) 483-3561 

Edgar R. Mi Her ( IECM) 

MSEC 

(205) 544-7752 

R. C. Linton(PSA) 

MSFC 

(205) 544-2526 

Jack Barengoltz 

JPL 

(818) 354-2516 
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Organization 


Telephone 


Carl R. Maag 
Lyle E. Bareiss 
John H. Raab 
Larry Dell 
Gene N. Borson 
Larry H. Rachal 
Capt. N. S. Fulks 

2.2.7 Ground Contamination References 


JPL 

Martin Marietta 
Martin Marietta 
Martin Marietta 
Aerospace Corp. 
Aerospace Corp. 
USAF/VAFB 


(818) 354-6453 
(303) 977-8713 
(303) 977-1878 
(303) 977-1881 
(213) 648-6943 
(213) 648-7646 
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2.3 FLIGHT CONTAMINATION 


Flight environments are those occurring between the times of launch 
and touchdown, thus including ascent, orbital and descent mission phases 
The orbital phase is defined as the portion of the mission during which 
the Orbiter PLB doors are open, while the phases in which the doors are 
closed are considered either ascent or descent. This section provides 
information on the particulate and molecular contamination environments 
occurring during all flight mission phases. 

2.3.1 Flight Introduction 

Included in this section are a summary of measurement techniques 
used to collect flight data, available data on the flight environments and 
their effects, summaries of unpublished, needed and planned data collec- 
tions not yet available, summaries of available models and tools for the 
prediction of contamination levels and effects, flight contamination pre- 
ventive techniques, and key technical personnel in the field. This infor- 
mation is presented in two major sections: flight particulate contamina- 

tion, and flight molecular contamination. 

2. 3. 1.1 Environment Overview 


The flight contamination environment includes particles and mole- 
cules transported from a contamination source to a sensitive surface dur- 
ing ascent, orbital operations, and descent. For surfaces observing 
through a f ield-of-view while on orbit, the contamination environment also 
includes molecules and particles within and passing through the field-of- 
view of the surface. In addition, since contamination effects are usually 
most noticeable during orbital operation, ground contamination remaining 
on a surface when orbit is achieved may be considered part of the flight 
contamination environment (from an effects standpoint). 

2. 3. 1.1.1 Flight Particle Environment Overview 

The initial flight particle environment of interest occurs doing 
launch and ascent. The vibroacoustic environment is very energetic during 
launch, particularly during SRB firing for the first phase of flight and 
the transonic phase (aeronoise through the PLB vents). It is believed 
that this vibroacoustic environment provides the energy necessary to 
excite some of the particles present the PLB at launch. The venting of 
the PLB volume through vents in the PLB lower walls and the acceleration 
of the Orbiter (which approaches 3 g's at the end of the SRB and main 
engine burns) provide transport mechanisms to carry excited particles from 
their original launch locations to other surfaces in the PLB. Thus, dur- 
ing launch a general redistribution of PLB particles is felt to occur’. 

While on orbit, mechanical and acceleration activities, including 
Orbital Maneuvering System (OMS), Primary Reaction Control System (PRCS) 
and Vernier Reaction Control System (VRCS) engine firings. Remote Manipu- 
lator System (RMS) and PLB door movements, crew activities, and other 
motion causing events can continue to excite particles throughout the 
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mission. Such particles have been observed by crews on each Shuttle 
fliqht In addition, other activities which occur throughout any given 

mission, such as engine firings and water dumps have been observed to gen- 
erate additional particles. 

Descent operations provide another opportunity for particles to be 
redistributed or ingested. While the vibroacoustic environment during 
descent is not as severe as the ascent environment, the repressurization 
of the PLB provides an additional particle transport mechanism for this 
phase. During descent, the deceleration vector is essentially at right 

angles to the acceleration vector during ascent. The descent orientation 
corresponds to an horizontal ground configuration, while the ascent orien- 
tation corresponds to a vertical to upside down ground configuration. 
This means that different PLB and payload surfaces would be expected to 
collect particles during ascent and descent. 


2. 3. 1.1. 2 Fliqht Molecular Environment Overview 

Non-metal lie materials will outgas molecular species such as plas- 
ticizers and unreacted monomers from plastics when exposed to the vacuum 
of space. As they outgas, such species have the potential to chemically 
and/or photochemical ly react with other absorbed species. Oxidative reac- 
tions are known to occur in low earth orbit (LEO) and can produce new and 
different molecules. Leaks from cooling systems may release coolants such 
as Freons or Coolanol. During ascent HC1 from the solid rockets can be 
carried to altitude and, during descent, nitrogen products from the reac- 
tion control system and auxiliary power system may find their way into the 
cargo bay. Clearly the payloads and the Shuttle itself have the potential 
for contaminating the PLB environment with molecular species. 


2. 3. 1.2 Fliqht Contamination Measurement Techniques 

Several contamination monitors and instruments from which contami- 
nation levels may be inferred have been flown on the Space Shuttle Orbi- 
ter. These include the POSA on STS-1, the IECM on STS-2, STS-3, STS-4 and 
STS-9, the Contamination Monitor Package (CMP) (non-contamination role on 
STS-8) , Microabrasion Foil Experiment (MFE), the Shuttle/Spacelab Induced 
Atmosphere (SIA) camera and forward PLB T.V. cameras on STS-3, the Air 
Force Geophysics Laboratory (AFGL) CIRRIS-1A infrared telescope and mass 
spectrometer on STS-4, and the Shuttle Pallet Satellite (SPAS) on STS- 
and STS-1 1. Other instruments for which data is not completely available, 
is classified, or which have not yet flown are the AFGL Particle Analysis 
Cameras for Shuttle (PACS), the Air Force/JPL Interim Operational Contami- 
nation Monitor (IOCM), and the infrared telescope (IRT) of SL-2. 

2. 3. 1.2.1 Induced Environment Contamination Monitor (IECM) 


As a result of concern for possible contamination from the environ- 
ment of Shuttle which might place limitations on experiment measurements, 
the IECM was used to provide measurements during ascent, on-orbit, and 
descent in order to determine the actual environment. The IECM, designed 
and integrated by MSFC, is comprised of ten instruments (Ref. D-l): 
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(1) The Humidity Monitor (IECM01) is used to measure the humidity/ 
temperature profile of the environment within the cargo bay of the Shuttle. 
It is an off-the-shelf version of the Model 2000 built by Thunder Scienti- 
fic Corporation, Albuquerque, New Mexico, with minor modifications. It 
measures relative humidity from 0 to 100 percent with an accuracy of ± 4 
percent over a # temperature range of 0 to 70°C. The temperature measure- 
ment (0 to 100 C) is made with a thermistor located within the humidity 
sensor mounting. The sensing element detector is a Brady array which can 
sense a 0.1 percent change in humidity, but hysteresis and thermal compen- 
sation limits the overall accuracy to * 4 percent. The sensor is mounted 
in the manifold of the Air Sampler (IECM03, discussed below). 

(2) The Dew Point Hygrometer (IECM02) measures the dew point of 
the air surrounding the IECM. Measurements are made prior to launch and 
as long as the vehicle is within the Earth's atmosphere, including ascent 
reentry, and landing. . It was built by EG and C, Inc. for the Skylab pro- 
gram and is a retrofit from that program. Measurements are made over a 
temperature range of -6.7 C to 26.7°C with an accuracy of 0.5 # C The 
operating temperature range (dew point) is -6.66 # C to 26.66 # C with a non- 
operating # range of -28.0 C to 70.1°C. The time for a 63 percent response 
to a 11.7 C step change in dew point temperature is nominally 10 sec. The 
sensor is mounted within the air manifold of the Air Sampler (IECM03). 

(3) The Air Sampler (IECM03) measures the gaseous contaminants in 
the cargo bay during ground based operations, ascent, and descent. It was 
built by Spacecraft, Inc., Huntsville, Alabama. It consists of five 
stainless steel sample bottles attached to a pumping manifold used to draw 
samples into the collection bottles. The bottles are appropriately packed 
with adsorbents Tanax GC and Spherocarb for molecular species, platelets 
of Ag20 for reactive materials such as HC1 (expected on ascent), and 
platelets of ruthenium compounds for NOX/NH3 (expected during descent). 
At approximately 0.25 atm the pumping is no longer effective; therefore, 
the ascent bottles were evacuated before flight, and the descent bottle 
was opened in-orbit for evacuation. Chemical analysis was carried out 
post-flight in ground-based laboratories. 

(4) The Cascade Impactor (IECM04) is a series of quartz crystal 
microbalances (QCMs), used to measure the volumetric particle content of 
the PLB during ground, ascent and descent phases of flight. The QCMs are 
similar to those described for IECM07, without temperature control. For 
the first stage, the sensing crystal is exposed to the ambient environment 
while the reference crystal is sealed and remains unexposed. This stage 
is used to detect molecular contaminants that could alter the results from 
the other stages. The remaining three stages each consist of a nozzle 
directing flow toward the sensing crystal, and a spacer to shield the ref- 
erence crystal. The nozzle of each stage is sized such that particles 
smaller than a given size will be carried around the reference crystal by 
viscous drag forces. The optimal size at which 50 percent of the incident 
particles strike the crystal surface are 5 ym, 0.816 u m and a.248 ym for 
stages 2, 3 and 4, respectively. These correspond to effective collection 
ranges of >5 ym, 0.8 ym to 5 ym, and 0.25 ym to 0.8 ym for the three sta- 
ges. The sensing crystals are coated with a layer of Apiezon grease to 
cause impacting particles to stick on the crystal. A constant volume pump 
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(250 ml /mi n) is used to induce flow through the instrument. The pump is 
turned off when the air pressure in the PLB decreases sufficiently to 
reduce particle flow. 

Recent analyses by one of the Cascade Impactor investigators (Ref. 
D-2) have raised doubts about the actual flow volume induced in the in- 
strument and the instrument's geometrical design. An accurate knowledge 
of the flow volume is needed to translate the mass collected to a volume- 
tric particle count, and the geometry of the instrument may result in pre- 
ferential counting of particles originating within the IECM, particularly 
for particles larger than 10 w m. Thus at this time, Cascade Impactor re- 
sults must be used with caution, and possibly only in a comparative manner, 

(5) The Passive Sample Array (IECM05) provides an array of optical 
witness samples to be exposed to the natural and induced environment of 
the Shuttle cargo bay and the Long Duration Exposure Facility (LDEF). The 
samples are measured in the laboratory prior to integration. Control sam- 
ples are included in these measurements and are then stored in a con- 
trolled, clean environment. Following retrieval of samples, whether dur- 
ing preflight activities or post-flight, the measurements are repeated and 
the analysis is based on changes from the previous measurements. Each 
sample holder (stainless steel) provides six 2.54 cm depressions to hold 
the samples. Trays hold up to eight such sample holders. The array is 
flush-mounted at the top of the IECM with virtually no shadowing of any 
sample in the array. 

(6) The Optical Effects Module (OEM, IECM06) measures degradation 
of optical window materials in transmittance and scattering. Optical pro- 
perty changes due to deposition of particles and molecular films are dis- 
criminate^ measured utilizing an integrated scattered light measurement 
in conjunction with direct, self-calibrating transmission measurements. 
It consists of a light source, focusinq and collecting optics, a rotatable 
sample carousel, and detectors. It is nominally monochromatic at 253.65 
nm, determined by choice of the light source and spectral sensitivity of 
the detectors. The instrument was developed by Advanced Kinetics, Inc., 
Costa Mesa, California. 

The samples are 2.54 cm diameter, 3 mm thick optical flats of which 
only three samples are exposed to the external environment at one time. 

A nearly collimated beam of light from the source is uniquely dif- 
ferentiated from any background illumination by passing through a Bulova 
tuning fork chopper at 200 Hz. One sample position on the carousel is 
left blank to provide the I 0 calibration reference for all measurements. 
When the carousel is in a filled position, the intensity I n is ratioed 
to I 0 as a measure of the transmittance. 

The optical alignment is designed to reject the specular component 
of reflection from the sample (with a half-cone angle of 10 deg). If dif- 
fuse reflection or scattering occurs on a sample, the focusing mirror is 
positioned to collect this type flux and direct it to a second photomulti- 
plier above the transmission detector for a measurement of scattered 
intensity, I s , similarly ratioed to I 0 . 
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(7) The Temperature-Controlled Quartz Crystal Microbalance (TQCM 
IECM07) detects the adsorption or desorption of molecular contamination in 
the cargo bay as a function of temperature. It was developed by Faraday 
Laboratories, Inc., LaOolla, California, and has five identical sensor 
heads. Each sensor consists of two identical crystals. The sensing crys- 
tal is directly exposed to the environment, and its reference crystal is 
mounted directly behind the sensing crystal and is, therefore, shielded 
from direct line-of-sight to the molecular environment. They operate at 
15 MHz with coatings applied to the crystals in such a manner as to change 
the operating frequency of the sensing crystal to be approximately 1 KHz 
less than the reference crystal. The two frequencies are mixed electroni- 
cally, and any deposition which lowers the frequency of the sensing crys- 
tal is measured as an increase in the beat frequency. 

The sensors have a sensitivity of 1.56 x 10-9 g / cm 2 Hz. The 
crystal has a finite limit to the amount of material it can detect. At 
approximately 1 x 10-4 g/cm2 of deposition, the mass becomes large 
enough to damp the crystal from oscillating. The crystal is then heated 
to desorb contamination and return it to active oscillation. Contaminants 
that may be photo-polymerized and cannot be removed by heating are deter- 
mined by observing the permanent frequency shift after volatiles are 
removed by heating. 

The sensors faced the +X (forward), -Z (out of bay) -X (aft), +Y 
(right) and -Y (left) directions of the Orbiter axes. 

(8) The Cryogenic Quartz Crystal Microbalance (CQCM, IECM08) pro- 
vides a record of adsorption and desorption of molecular contamination in 
the cargo bay with the special objective of measuring water vapor. This 
is accomplished by the passive radiative design which causes the detector 
crystal to cool to the temperature at which water vapor will condense. It 
was also developed by Faraday Laboratories and uses the technology de- 
scribed for IECM07. 

(9) The Camera-Photometer (IECM09) measures the induced contamina- 
tion in the form of individual particles and general background. Two 
automated systems are placed on-board the IECM. They were developed by 
Epsilon Laboratories, Inc., Bedford, Massachusetts. Each is housed within 
a canister and pressurized to 1 atm with a standard atmospheric mixture of 
gases. An initial relative humidity of 20 percent is utilized to prevent 
film damage. 

Observations are made by the camera through a quartz window, and a 
multivaned baffle system is utilized to prevent stray light from raising 
the background intensity. The baffle rejects scattered light to levels 
below 10~ i4 solar brightness (Bq) for solar angles greater than 60 
degrees from the optical axis. The camera is a 16 mm Model H-16SB Bolex 
movie camera with a nominal film capacity of 4000 frames. The camera lens 
is an 18 mm f/0.9 with a nominal f ield-of-view of 20* half-angle (limited 
by the baffle to 10*). The camera operates at a rate of 24 frames/ hour. 
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Operating in conjunction with the camera is an integrating photome- 
ter which monitors continuously the background brightness over a dynamic 
range of 10 3 centered at lO-* 3 Bo« The photometer also functions to 
control exposure time by terminating any exposure which exceeds a prede- 
termined brightness level. This value is adjustable to correspond to film 
exposure requirements. 

(10) The Mass Spectrometer (IECM10) collects data from which mole- 
cular column density and molecular return flux may be inferred. The in- 
strument is designed to measure collimated flux with a view angle of 0.1 
sr. It is a quadrapole instrument and was developed by the Space Research 
Institute of the University of Michigan to measure the pressure (density) 
of all gases separated from 1 to 150 amu. In-flight calibration is per- 
formed by a gas release system which emits a known flux of isotopically 
labeled water and neon into the collimated view of the spectrometer; the 
backscattered flux is then measured. The calibration measurements also 
provide the basis for evaluating differential scattering cross-sections 
for 8 km/sec collisions (approximate orbital velocity). 

2. 3. 1.2. 2 Other Contamination Monitors 

Several other contamination monitors or devices providing informa- 
tion on the flight contamination environment have been flown on various 
STS missions. These include: 

(1) The Contamination Monitor Package of STS-3 was developed by 
JPL under funding from the USAF. It consists of four TQCMs and two pas- 
sively controlled witness samples. The CMP witness plates were two MgF2 
coated mirrors provided by different vendors and placed on the -Z surface 
of the CMP. One-half of each sample was shielded from exposure to the sun 
while on orbit. Similar samples were exposed to the ground flow environ- 
ments, but not flown in order to act as controls. Pre- and post-flight 
reflectance measurements were made on the flight and control samples (Ref. 
0-3). 


(2) The Shuttle Pallet Satellite Mass Spectrometer is a Maltauch- 

Herzog geometry mass spectrometer and was flown on STS-7 and STS-41B. It 
is an electrostatic magnetic double focusing spectrometer with a four-fold 
ion detector system: 1) a monitor for total ion current (TIC) passing 

through the analyzer; 2) two ion counting multipliers, one for masses 
below 10 amu and one for those from 10 to 80 amu; and 3) a dc measuring 
electrometer for masses greater than 10 amu (HM electrometer). The mass 
spectrometer took eight readings per second from each detector and was 
programmed to measure periodically a few selected masses. Once every 15 
minutes a continuous spectrum was taken which took approximately 4 minutes 
(Ref. D-4) . 

(3) The AFGL Mass Spectrometer was flown on STS-4 in conjunction 
with CIRRIS. The instrument operated in two modes under ground control: 
a positive ion mode, and a neutral gas mode. Both modes included both 
unbiased and retarding voltage operations to differentiate between low 
energy (Shuttle related) and high energy (ambient) gases. The instrument 
orientation was horizontal along the Orbiter right wing (Ref. 0-5). 
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(4) CIRRIS is an cryogenic infrared telescope that was flown on 
STS-4 by the AFGL and is planned for reflight. Although primarily inten- 
ded for remote sensing of infrared sources, the telescope additionally can 
detect near-field particles within its 1* f ield-of-view. 

(5) The POSA was a set of five optical witness samples and three 
statically charged Teflon sheets (electrets). The POSA samples were moun- 
ted on the starboard rail of the STS-1 Development Flight Instrumentation 
(DFI) pallet in the Orbiter PLB. The POSA samples were installed in the 
PLB approximately 1 month prior to launch, and remained exposed throughout 
the mission, landing, and return to the OPF after ferry flight. A second 
similar POSA was installed at the landing site prior to ferry flight to 
assess the relative impact of the post-landing phase compared to the pre- 
launch and flight phases. Evaluations of the samples after return to MSFC 
included photography, transmittance and reflectance measurements, particle 
counts, x-ray microprobe analyses o'f the electrets, and scanning electron 
microscopy (SEM) of the optical samples (Ref. D-6). 

(6) The Microabrasion Foil Experiment was an experiment flown on 
STS-3. The purpose of the experiment was to detect orbital micrometeor- 
oids. It consisted of a 0.4m2 capture cell array of which the upper 
surface was 5 ym thick aluminum foil. After flight, the capture cell was 
examined for micrometeoroid penetrations, and the presence of deposited 
particles in the foil,- indicative of low velocity impacts, was detected. 
The particles were subsequently examined by energy-dispersive x-ray analy- 
sis (Ref. D-7) . ■ 

(7) The Shuttle forward PLB Low Light Level (LLL) T.V. Cameras 
were used to gather images of particles generated in the PLB during STS-3. 
Videotapes from these cameras were then evaluated by JPL to determine par- 
ticle sizes, sources and velocities (Ref. D-8). 

(8) The Shuttle Induced Atmosphere (SIA) camera flown on STS-3 is 
a camera-photometer originally used for the Skylab program. It consists 
of a 16mm camera and a photometer mounted on a single axis gimbal to allow 
front to back scans. The instrument has a 6° f ield-of-view and a series 
of spectral filters. The instrument was used to determine optical emis- 
sions and reflections from Orbiter surfaces, the Orbiter atmosphere, and 
astronomical objects (Ref. D-9). 

(9) The Spacelab Small Helium-Cooled Infrared Telescope (IRT) was 
flown on STS-51F/SL-2 (Ref. D-10) . The instrument consists of a cooled 
(8 K) highly baffled Herschelian optical system with an off-axis 15-cm 
diameter, f/4 primary mirror. Jhe telescope rotates in a plane about the 
Shuttle X axis. It scans at 6 # /sec over a 90° arc of the sky. The focal 
plane of the telescope contains ten detectors; nine cover the spectral 
region from 4 to 120 um in four broad non-overlapping bands (4. 5-8. 5, 
9-14, 18-30 and 70-120 u), and one with narrow band response at the 6-7 u m 
H 2° band. The detectors are masked with a single band to modulate the 
signal, to allow discrimination between near-field (particle) IR sources 
and stellar sources. The instrument experienced some difficulties in 
flight, including sunshade insulation in its f ield-of-view and saturation 
of several channels, making unambiguous interpretations difficult. 
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(10) The Particle Analysis Cameras for Shuttle (PACS) was flown on 
STS-61C. The instrument consist of two 35 mm cameras and a strobe. The 
system operated every 120 seconds, generating stereo images of particles 
in the camera f ield-of-view (Ref. D-ll) 
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2.3.2 Flight Particulate Environment 


This section and its subsections present the available models and 
data on the particulate environment and its effects during ascent, orbit 
and descent mission phases. Also presented are descriptions of’ unpub- 

lished, needed and planned data, contamination prevention techniques, key 
technical personnel in the field, and references in which more detailed 
information may be found. 

Section 2. 2. 2.1 presented the available data on the particle fall- 
out environments found in STS/Spacelab integration facilities, and Section 
2.2.4 described how available data could be used to predict cleanliness 

levels of PLB surfaces at the time of launch. While the Shuttle is being 
launched, however, the Orbiter and its payloads experience a significant 
dynamic environment, and it is likely that large fractions of particles 

present on surfaces will be agitated and migrate within the payload bay. 
Dynamic events, including thermal accommodations, can continue to excite 
particles throughout the mission. Other orbital events, such as flash 

evaporator operations, can generate particles. This redistribution and 
generation of particles and their effects are the subject of the following 
sections. 


2. 3. 2.1 Available FI ight Particle Data 

This section includes the available data on both the flight parti- 
cle environments, and particle effects. The majority of the effects data 
are presented in Section 2. 3. 2. 1.2, Orbital Particle Data. Additional 
effects information may be found in Section 2. 3. 2. 3, Flight Particle Anal- 
ytical Tools. 

2. 3. 2. 1.1 Particle Data During Launch 

The principle data for the launch particle environment has been 
collected using the Cascade Impactor of the IECM. As described in Section 
2. 3. 1.2, this device consists of 3 stages, each made up of a sized nozzle 
and a QCM covered by Apiezon grease to collect particles. A constant vol- 
ume air pump draws PLB air through the nozzles during Orbiter launch (and 
also during descent). The pump operates for approximately 2 minutes from 
liftoff, and is shut off once air pressure drops to the point where aero- 
dynamic forces on PLB particles are significantly reduced. The mass col- 
lected by the stages of the Cascade Impactor may be converted to volume- 
tric densities of particles within three size ranges. A fourth QCM moni- 
tors molecular deposition so that the effects of significant molecular 
collections may be removed from the particle data. 

Recent analysis has indicated "that for all the IECM flights, the 
metered airflow may have been too high, and the geometrical configuration 
provided preferential measurements of particles inside the IECM, especi- 
ally for particles larger than 10 um" (Ref. E-l). With this qualifica- 
tion, Table 2.3-1 lists the maximum particle counts recorded during the 
launches of STS-2, STS-3, STS-4 and STS-9. The maximum counts during 
ascent usually occur approximately 1 minute after launch (Ref. E-2). 
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Reference E-3 indicates that the Cascade Impactor was operated for approx- 
imately 11 hours on the pad during STS-2 preparation prior to launch. 
This nearly saturated the QCMs with particles.- Thus the collection effi- 
ciency during that launch may have been less than nominal. 


Table 2.3-1 Cascade Impactor Launch Particle Densities (Ref E-l, E-2) 


Particle 
Si ze, JUm 

STS Flight Particle Concentration (Mfl/m 3 ) 

STS-2 

STS-3 

STS-4 

STS-9 

0.25 -0.8 

250 

10 

150 

Below 

Detection 

Limits 

0.8-5 

500 

10 

400 

>5 

30 

10 

Not Funct 


Additional data related to the particle environment during launch 
has been inferred from passive samples, including the POSA of STS-1, the 
IECM PSA of STS-2, STS-3, STS-4 and STS-9, and the MFE of STS-3. These 
are all surfaces that were installed in the Orbiter PLB prior to launch, 
and were unprotected from the time covers were removed before launch 
through launch, orbital operations, descent, landing, ferry flight and 
deintegration. In the case of the POSA and PSA samples, additional simi- 
lar POSA sets were installed between landing and ferry flight so that the 
post-landing environment could be quantified and subtracted from the 
flight readings. Since the samples are exposed throughout the entire mis- 
sion, conclusions about specific mission phases are difficult to draw. It 
is assumed, however, that the vibroacoustic and acceleration environment 
encountered during launch results in the most severe environment occurring 
at that time. A second severe environment is expected to occur during 
descent, due to deceleration and the repressurization of the PLB, which 
may disperse particles concentrated on the PLB vent filters. It is specu- 
lated that this environment is less severe than that encountered during 
launch. Data from the Cascade Impactor presented in Section 2. 3. 2. 1.3 
substantiates this conclusion. While accelerations during orbital opera- 
tions have been observed to generate particles in the PLB area, the fact 
that the PLB doors are open leads to the conclusion that particle deposi- 
tion while on orbit would not be significant. 

While the launch environment is felt to be more severe then the 
descent environment, the orientation of surfaces is important in determin- 
ing settling on any given surface. The surfaces of the PSA and POSA were 
installed in the Orbiter X-Y plane, or what would be a horizontal position 
for a horizontal Orbiter. The vertical launch of the Orbiter combined 
with a roll-over maneuver shortly after launch means that these surfaces 
are in a mostly vertical, and partially inverted (upside-down) position 
during ascent. Thus it is unlikely that many large particles would be 
collected on these surfaces during launch. During descent, however, the 
Orbiter assumes a generally horizontal orientation, which would be more 
conducive to particle settling on these surfaces. Given these limitations 
on the PSA and POSA results. Figure 2.3-1 presents the average particle 
size distributions collected in flight. These distributions have been 
corrected by the post-flight particle distributions collected for each 
mission (Ref. E-2, E-4, and E-5). 
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The MFE which flew on STS-3 was desiqned to record micrometeoroid 
impacts in a 5 yin thick aluminum foil sheet. The orientation of the 0.4 
collector has not been confirmed, but an orientation parallel to that 
of the POSA and PSAs is most probable given the goal of the experiment. 
In post-flight examinations of the experiment, 6 urn diameter glass rods 
were found embedded in the foil (Ref. E-6). The most likely source for 
such fibers is the teflon coated glass fiber beta-cloth used extensively 
on the inner surfaces of the PL8. Experiments were conducted to attempt 
to reproduce the penetrations found on the flight experiments. Vibration 
of a foil sheet in the presence of glass fibers and bombardment of the 
foil surface by fibers in a 50 m/ s air stream both produced effects simi- 
lar to those observed from fliqht, while wiping the foil surface with 
fibers present pressed the fibers longitudinally into the foil surface, 
and air settling of fibers onto the surface produced no penetrations! 
Thus it is concluded that the penetrations occurred during the dynamic 
environments of launch and descent. 



STS-1, STS-2 , STS-3, STS-4 and STS-9 POSA and PSA Flight Particle Fallout ( Ref E-2, E-4 , E-5) 

In summary, it may be stated that the launch particle environment 
data is limited and inconclusive. The ascent conditions may produce the 
most severe particle environments encountered by payloads during flight. 
Oata to substantiate this hypothesis and quantify the levels encountered 
is not yet conclusive. 
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2. 3. 2. 1.2 Orbital Particle Contamination Data 


of concern during orbital opera- 
field-of-view of instruments, and 
i-of-view particles on the instru- 
limited to photographic images of 
PLB. Degradation of optical sam- 
the IE CM, has generally been too 
Degradation has been measured in 
results may be applied to flight 


The primary particle environments 
tions are released particles within the 
the effects of both deposited and field 
ment. Usable flight data is currently 
particles in the vicinity of the Orbiter 
pies of the POSA, and PSA and OEM of 
small to provide usable effects data, 
ground experiments, however, and these 
condi ti ons. 

Particle images have been collected by the IECM Camera-Photometer 
on STS-2, STS-3, STS-4 and STS-9 (SL-1), and by the PLB forward LLLTV cam- 
eras on STS-3. Usable images may be collected only during certain orbital 
periods. For the Camera-Photometer, this occurs when the Orbiter is sun- 
lit and the camera and payload bay face a dark stellar or terrestrial 
background. The SfS-3 T.V. camera images were collected in a tail-to-sun 
orientation. 

Reference E-2 indicates that under ideal conditions, the Camera- 
Photometer could detect particles as small as 25 urn in the immediate vi- 
cinity of the Orbiter on STS-2, STS-3 and STS-4. Comparisons with calcul- 
ations in Reference E-7 prior to film calibration indicate that the detec- 
tion distance for this size particle is approximately 20 meters. Larger 
particles may be expected to be detected at greater distances. Reference 
E-4 indicates that the detectable particle limit was somewhat larger, at 
28 urn for STS-9 (SL-1). 

Figure 2.3-2 shows an averaged time history of the percentage of 
potential particle frames that actually detected particles based on STS-2, 
STS-3 and STS-4 images (Ref. E-2). All three flights observed particles 
in every photograph for which particle detection was possible taken during 
the first 7 hours of flight, and a general decline in the number -parti- 
cles was observed with time. Figure 2.3-3 shows a similar plot for STS 9 
(Ref. E-l). It shows similar high levels of particles during the early 
mission phase, and a general decay for the first 48 hours, although not as 
consistent as on earlier flights. After 48 hours, however, particle le- 
vels are consistently high. This may reflect the greater complexity and 
size of the SL-1 payload relative to the earlier flights. During water 
dumps, particle levels as high as 100/frame have been observed, with decay 
constants (1/e) of 5 minutes (Ref. E-2A). No increases in particle count 
have been observed for flash evaporator operations. 

The data collected by the Orbiter PLB Low Light Level T.V. (LLLTV) 
camera used for the analysis reported in Reference E-8 are more difficult 
to interpret than the data from the Camera-Photometer, in that a single 
camera was used for the analysis. The Orbiter was in a tail to sun confi- 
quration when the images were recorded, backlighting the particles. witn 
a single camera, however, sizes and distances may not be determined, so 
the analysts were forced to assume worst case (furthest aft) distances ana 
particle sizes in most cases. Apparent particle sizes were determined 
from the video image sizes of the particles. A few particles were suffi 
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Legend: 

Q % with Particles 
>10 Particles 
2 to 10 Particles 
1 Particle 



34.5 


39.5 


44.5 


14.5 19.5 24.5 29.5 

Centerpoint of 5 Hour Bandwidths MET h 

Figure 2.3-2 

Percentage of Camera-Photometer Frames Showing Particles for STS-2, STS-3, 
and STS-4 (Ref E-2) 



Figure 2.3-3 

Percentage ofSTS-9 Camera-Photometer Frames Showing Particles (RefE-l) 
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ciently small yet bright enough to show drag effects in their trajectories 
from which sizes and distances were determined by assuming the Orbiter 
trajectory was in the plane of the image and parallel to the starboard 
Orbiter wing. The velocity actually varied around this vector with orbit 
position. All particles for which this analysis could be performed were 
found to be smaller and closer than the worst case assumptions above. The 
assumptions necessary for the drag analysis also lead to considerable 
uncertanties. 

Other difficulties in interpreting the LLLTV images make specific 
conclusions regarding particle numbers, size and locations difficult. The 
results do indicate a typical early flight particle event impact on a sys- 
tem with similar sensitivities to the LLLTV. For the event examined, as 
many as 60 particles as large as 5mm or larger were observed by the LLLIV 
in the 4° half angle about the Orbiter x-axis from the camera (Ref. E-8) . 

2. 3. 2. 1.3 Particle Data During Descent 

Descent particle data is very similar to the data for the ascent 
phase of flight. The POSA/PSA results cannot be separated into launch and 
descent phase effects, although, as was mentioned in Section 2. 3. 2. 1.1, 
the orientation of these samples may make them better indicators of the 
descent phase than launch. The PSA and POSA results were presented in 
Figure 2.3-1. 

In addition to the passive samples, the Cascade Impactor was also 
operated during descents of STS-2, STS-3, STS-4 and STS-9. The qualifica- 
tion of Cascade Impactor data presented in Section 2. 3. 1.2.1 applies 
equally to the descent phase. The data recorded by the device during de- 
scent is shown in Table 2.3-2 (Ref. E— 2) . 


Table 2.3-2 Descent Cascade Impactor Results (RefE-2) 


Particle 
Size, (in l 

STS Flight Particle Concentration (jUg/m 3 ) 

STS-2 

STS-3 

STS-4 

STS-9 

0.25 — 0.8 

125 

10 

Not Functioning 

Not 

Published 

0.8 -5 

250 

10 

10 

>5 

10 

10 

20 


2. 3. 2.1.4 Particle Effects Data 


Particle effects may generally be classed as obscuration effects, 
scattering effects and emission effects. Obscuration effects are those 
caused by the particle obscuring the surface of interest. In general, for 
obscuration effects the optical properties of the particle replace the 
properties of the obscured portion of the surface, degrading the surface 
performance accordingly. Scattering effects occur when particles affect 
the transmission properties of a surface or volume or increase diffuse 
reflectance. Particle emission effects are generally important only to 
infrared detectors. 
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Reference E-9. describes the results of experiments in which mirrors 
were contaminated with 3 um and 20 um aluminum oxide particles and fly 
ash. Obscuration ratio, surface reflectance and surface absorptance were 
measured for these contaminants. Figure 2.3-4 shows reflectance changes 
for 3 u m and 20 urn aluminum oxide particles as a function of obscuration 
ratio at wavelengths of 0.25, 0.3, 0.4, 0.65, 1.2 and 1.6 u m. Figure 
2.3-5 shows similar changes for fly ash contamination. Figure 2.3-6 shows 
the change in solar absorptance for these same contaminants. 



Figure 2.3-4 

Reflectance Change Induced by 3 and 20 micron 
Al 2 Oi Spherical Contamination (RefE-9) 


The most important observation from the three figures is the line- 
arity of the reflectance and absorptance changes as functions of obscura- 
tion ratio. Section 2. 3. 2. 3. 2 will describe how this linearity may be 
used to translate predicted deposition levels to predicted degradations. 

The fly ash data may also be used as a conservative measure of con- 
tamination effects, since it demonstrates reflectance degradation at all 
wavelengths from 0.25 um to 1.6 um, and the contaminant causes large chan- 
ges in solar absorptivity. 
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Figure 2.3-5 

Reflectance Change Induced by Fly Ash Contamination (RefE-9) 



Figure 2.3-6 

Solar Absorptance Change Versus Surface Area 


Obscured ( Ref E-9) 
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The scattering effects of deposited particles have been reported in 
References E-10, E-ll and E-12. One measure of the effects of particle 
contamination is the bidirectional reflectance distribution function 
(BRDF) , defined as the intensity of light reflected from a surface rela- 
tive to incident intensity as a function of angle from the specular re- 
flectance angle, normalized to 1 steradian. For near normal incidence, 

BRDF - p s 2.3-1 

Pi ft cos e 

where 

P$ = scattered light energy; 

Pi ■ incident light energy; 

Q = solid angle of detector; and 

e = angle of detector from specular reflection (Ref. E-10). 

Figure 2.3-7 shows the BRDF at 10.6 w m and 0.63 u m wavelengths mea- 
sured on low scatter mirrors exposed vertically in a laboratory environ- 
ment for 1176 hours (Ref. E-10). An attempt was made to count the parti- 
cles present on the surface and calculate the surface obscuration ratio. 
Microscopic evaluation of the surface, however, revealed that the majority 

of the obscuration was caused by particles from 0.25 u m to 1.0 pm in size. 

These were too small and numerous to count accurately with the microscopic 
techniques used. An estimate of obscuration based on a small sample area 
and assumed 0.025 um diameter circular particles was 2.3 x 10 -B . 

Additional particle effects data could conceivably have been col- 
lected by the OEM of the IECM. In general, however, the effects observed 
by the OEM have not been significant enough to provide usable data. 

2. 3. 2. 2 Additional Flight Particle Data 

2. 3. 2. 2.1 Unpublished Flight Particle Data 

One set of unpublished particle data was collected by JPl during a 

Shuttle-deployed solid upper stage firing. A foil specimen attached to 

the Orbiter Remote Manipulator System (RMS) was exposed to the firing 
engine while the PLB was turned away from the firing. Also, the I0CM 
described in Section 2. 3. 2. 2. 3, was flown on STS-51C (Department of De- 
fense, (D0D) flight). The report of the data collected, however, is clas- 
sified, and thus is considered unpublished from the point of view of this 
Handbook (Ref. E-13). 

The IRT of SL-2 detected particles within its f ield-of-view, but 
very little data has yet been analyzed or published. This data may pro- 
vide information on particle generation rates and particle temperatures. 
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BRDF Before and After 1 1 76-h Exposure, Mirror Position Vertical (Ref E-10) 


More recent particle data was collected on STS-61C, when the AFGl/ 
AFSD Particle Analysis Camera for Shuttle (PACS) was flown on a GSFC 
Hitchhiker payload carrier. The system collects photographic images using 
two cameras and a strobe operating every 120 seconds. It should have 
detected particles (as small as 25 u m in diameter) floating above the PLB. 

In addition, some of the particle data collected by the IECM on 
SL-1 is being evaluated in greater detail by MSFC, and is planned for 
future publication. 

2. 3. 2. 2. 2 Needed Flight Particle Data 

An examination of the data of Section 2. 3. 2.1 indicates that the 
flight particle environment has been only loosely defined. A number of 
additional items would allow a better understanding of the flight particle 
environments a Spacelab user might expect. This would include a defini- 
tion of the particle levels during launch and an indication of the rela- 
tive deposits to be expected on surfaces at various locations and orienta- 
tions, with correlations to the initial particle population present in the 


PLB at launch. For the orbital phase, more detailed correlation of parti- 
cle generation rates and locations with Orbiter activities would allow 
users to predict particle generation events and schedule around them. 
Beneficial descent data would be very similar to the data needed for as- 
cent. 


It must be acknowledged that the above information may be difficult 
and costly to obtain. There are no plans currently to obtain all the 
above data items. The following section describes the current plans re- 
lated to STS flight particle environment monitoring. 

2. 3. 2. 2. 3 Planned Flight Particle Data 

Several instruments are currently planned for STS missions which 
may provide additional flight particle data. 

The Interim Operational Contamination Monitor (IOCM) is an instru- 
ment package developed by JPL for use on D00 STS missions. Unlike the 
IECM, which was intended for use to verify STS and Spacelab environments 
only during early missions, the IOCM is intended to act as an operational 
contamination monitor during several contamination sensitive 000 missions. 
The IOCM instruments include 3 TQCMs on the instrument package and 2 TQCMs 
in other PLB locations, 1 "sticky" QCM for particle collection, a passive 
particle collector, 2 calorimeters, 2 photodetectors, 2 ion gages, and a 
materials sample array with 100 samples. It is not yet clear how readily 
available IOCM data will be, due to its use on DOD STS missions. 

For orbital particles, infrared telescopes tend to be the instru- 
ments most sensitive to particle contamination. Data on particle contami- 
nation can therefore be extracted from performance degradation of these 
instruments, should they occur. Among the infrared instruments expected 
to fly on Shuttle is a reflight of the AFGL CIRRIS telescope. 

Another instrument, the Martin Ascent Particle Monitor ( MAPM ) , 
designed specifically for particle contamination detection is being built 
by Martin Marietta under contract to the Air Force. NASA JSC is providing 
integration assistance. The device will collect particles during the as- 
cent mission phase. The instrument opens at launch, collects particles on 
an exposed surface in the Y-Z plane, and then closes at a predetermined 
PLB pressure level to protect the collected sample. It will be flown with 
the Evaluation Of Oxygen Interaction with Materials (EOIM) III experiment 
(see Section 3. 1.3. 3). 

2. 3. 2. 3 Flight Particle Analytical Tools 

Analytical tools for use in predicting flight particle environments 
are currently quite limited. They consist of launch redistribution, orbi- 
tal trajectory and optical degradation models. 
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2. 3. 2. 3.1 Launch Particle (Hamberq) Redistribution Model 


The commonly used launch particle deposition model was developed by 
Hamberg of the Aerospace Corporation. It is a simple "smearing" model in 
which the total Orbiter payload and PLB surface particle population is 
estimated at launch, and then redistributed in equal densities over all 
payload and PLB surfaces. In mathematical terms. 



(N 1 /A 1 )A 1 + (N 2 /A 2 )A 2 + . . . (N n /A n )A n 

7T 


A^ + A 2 + . . 


2.3-2 


where 


N/A = final uniform particle density on all surfaces; 

N n = initial number of particles on surface n; and 
A n = area of surface n. 

In general, the N n or the N n /A n density is estimated based on the 
facility fallout data of Section 2.2.2 and the payload ground flow dura- 
tions. Section 2.2.4 described how such surface densities may be con- 
verted to obscuration ratios (OR). Similarly converting Equation 2.3-1, 


OR 


OR, A, + OR 0 A 0 + . . . OR A 
1 1 2_2 n n 

A^ + A 2 + . . . A n 


2.3-3 


where 


A n = area of surface n; 

OR = final uniform obscuration ratio for PLB surfaces; and 

0R n = obscuration ratio at launch of surface n. 

In general, this approach is expected to yield conservatively high 
results for given payload surfaces. First, not all particles are expected 
to be excited or detached by the launch environment. Reference E-14 indi- 
cates that smaller particles are not as readily excited by vibroacoustic 
environments as are large particles. This implies that the total popula- 
tion of particles available for redistribution during launch is not as 
great as the model assumes. Conservatism may also result from conserving 
mass within the PLB. Some particles may actually be carried out of the 
PLB area or concentrated on the PLB vent filters, and thus be unavailable 
for redistribution. One possible lack of conservatism, however, is the 
uniform distribution of particles over all PLB surfaces. The acceleration 
and gravitational forces during launch would be expected to. accelerate 
particles toward the rear of the PLB. Other forces on particles might 
result in preferred surface locations or orientations for particle deposi- 
tion. Thus the Hamberg redistribution model may generate conservative 
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average deposits for payload surfaces, but may underestimate the redistri- 
bution for specific surfaces in high contamination locations. Data is 
unavailable to identify and evaluate these areas. 


Example 2. 3. 2. 3.1: Calculation the obscuration ratio on an instrument 

surface for the SL long module configuration using 
the Hamberg redistribution model. Assume 1/2 the 
PLB/SL surface area has an initial OR of 0.015, 1/2 
has an initial ratio of 0.0075, and 5000 cm2 0 f 
instrument area has an OR of 0.002. 


Solution: From Table 2.2-18, total PL8 and SL area is 4.31 x 

10° cm2. From Equation 2.3-2, 

0R = (.015 + .0075) (2.16 x IQ 6 cm 2 ) + (IQ 3 cm 2 ) 

(2.16 x 10 6 + 2.16 x 10 6 + 10 3 ) cm 2 

= 0.011 


2. 3. 2. 3. 2 Orbital Particle Tools/Models 

Orbital particle models include models to predict the trajectory of 
particles released by spacecraft while in orbit, and models to predict the 
effects of particles on the optical properties of a surface or the FOV of 
an instrument. 

The Newtonian Orbital Mechanics and Drag (NOMAD) computer model was 
developed by Martin Marietta for use in predicting particle trajectories 
near Skylab (Ref. E-15). The program solved the 2-dimensional equations 
of motion for a particle in orbit, including drag effects, and compared 
the motion to that of the source spacecraft. The NOMAD model, now called 
KORBIT, has recently been upgraded by Martin Marietta to allow solution of 
particle motion in three dimensions. A similar program has been developed 
by Lockheed Missiles and Space Company (LMSC) (Ref. E-16) . The results of 
these two models have been compared (Ref. E-17), and are in agreement. 
The Martin Marietta KORBIT model has recently been used to simulate the 
LLLTV images of particles from STS-3 described in Section 2. 3. 2. 1.2, and 
to evaluate the likelihood of particles crossing the f ield-of-view of the 
AFGL CIRRIS infrared telescope on a planned STS mission (Ref. E-17). 

Particle effects models exist for evaluation of obscuration ef- 
fects, where particle optical properties are substituted for substrate 
properties for the area obscured; scattering effects, such as changes in 
BRDF and hemispherical reflectivity, or background brightness due to cloud 
reflections; and emission effects where deposited or cloud particles in- 
crease the background brightness an instrument observes in the infrared. 
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Evaluation of obscuration effects involve the most straightforward 
modeling of these particle effects types. The results from Reference E-9 
shown in Section 2. 3. 2. 1.4 showed linear relationships between hemispheri- 
cal reflectance and solar absorptivity and OR. In general, the degraded 
absorptivity of a surface may be expressed by: 


a sf = a so + 0R(a$p _ «so)» 


2.3-4 


where 


a s f = degraded surface absorptivity; 

a so = initial surface absorptivity; 

<x S p = particle absorptivity; and 

OR = obscuration ratio. 

Similarly for hemispherical reflectance: 

pf = Po + 0R(pp ” Po) » 2.3-5 

where subscripts have the same meanings as in Equation 2.3-4. 

For transmitting materials, the obscuration effects (as opposed to 
scattering effects) may be considered a lessening of the effective light 
gathering area of a surface. The final effective area is given by: 


A f = A 0 (l - OR), 


2.3-6 


where 


Af = final effective area; 

A 0 = area of clean surface; 

and OR is as above. This approach assumes that particles are opaque. 

Equations 2.3-4 and 2.3-5 require knowledge of the optical proper- 
ties of particle contaminants. These properties may be expected to vary 
greatly, however, depending on the particle source. The data of Reference 
E-9 shown in Section 2. 3. 2. 1.4 may be used to determine the optical pro- 
perties of two specific types of controlled particles. These are probably 
not representative of actual contaminants. An approach likely to yield 
conservative results for reflectance and a s degradations is to use the 
properties of fly ash. Figure 2.3-6 showed solar absorptance changes for 
fly ash and aluminum oxide contaminants. The sample used for this data 
was a vapor deposited silver coated quartz second surface mirror with a 
solar absorptance of < 0.06. Similarly, Figure 2.3-8 shows hemispherical 
reflectance as a function of incident wavelength for these same materials 
(complete surface coverage). 
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Example 2. 3. 2. 3. 2: Calculate the final reflectance and solar absorp- 

tivity for a white surface (o S0 = 0.1. p s0 = 
0.9 at 1.2 um) contaminated to the extent calcu- 
lated in Example 2. 3. 2. 3.1 (OR = 0.011). Assume 
the contaminant particles have the properties of 
fly ash. 


Solution: For solar absorptivity, applying Equation 2.3-4, 

a sf = 0.1 + (0.011) (0.9 - 0.1) 

= 0.109 
(Aa = 0.009). 

For hemispherical reflectance, 
p f = 0.9 + (0.011)(0.16 - 0.9) 

= 0.89 

(ap = —0.01). 


In the case of particles distributed in the volume surrounding a 
spacecraft, a computer model named CLOUD was developed by Martin Marietta 
for use on the Skylab program. The CLOUD model calculates particle column 
densities; Mie scattering parameters for light from the sun, earth and 
earth albedo; signal attenuation by the cloud; and blackbody emission 
characteristics. Particle source characteristics must by input into the 
model. For Skylab, source characteristics were determined by both test 
and analysis (Ref. E-18). 

For the scattering effects of deposited particles, optical system 
analysis tools such as General Unwanted Energy Rejection Analysis Program 
(GUERAP) II (Ref. E-19) and Arizona's Paraxial Analysis of Radiation/Pro- 
gram for the Analysis of Diffracted Energy (APART/ PAGE) (Ref. E-20) may be 
used to analyze the impact of particles on a system's performance, if the 
degradation of the individual component surfaces can be determined. 
Changes in BRDF due to particles may also be extended to other properties, 
such as diffuse reflectivity, if the BRDF changes can be determined or 
estimated. 

2. 3. 2. 4 Flight Particle Protection Techniques 

If it is determined that an experiment is sensitive to the particle 
contamination levels expected during ground, launch, orbital or descent 
operations, protection techniques may be appropriate. Techniques include: 

1) Ground covers, removed shortly before launch; 

2) Special cleaning and inspection procedures for the payload and 
PLB (KSC sensitive and highly sensitive classifications); 
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3) Selection of PLB location and orientation relative to likely 
launch particle sources; 

4) Active covers (openable, or openable and closable); 

5) Experiment scheduling around contamination events 

late in mission 
unilluminated times 
engine/vent suppression; 

6) Design tolerance to allow degradation; and 

7) Constraints on pointing to avoid likely regions for particles. 



Figure 2.3-8 Mirror and Contamination Reflectances (RefE-9) 


2-80 


The first two protection techniques for flight particle protection 
are actually ground activities. They are included here, however, since 
the ground activities establish part of the particle reservoir for fliqht 
and the effects of ground particles are usually most critical during 
orbital phases. Covering the critical surface itself can minimize the 
bacKground level at the time of launch. As described in Section 
c. J.Z. 3. 1, however, a large population of particles in the bay can deqrade 
a clean surface during launch. The second technique serves to decrease 
the total PLB particle population, and thus is more effective at control- 
ling launch particles. 


The third technique is currently not experimentally justified, 
since the launch data is not detailed enough to show location and orienta- 
tion dependencies. In theory, however, launch particle deposition should 

be lowest in the forward part of the PLB and on surfaces vertical durinq 
launch. a 


Active covers give experimenters 
surface cleanliness. The use of such 
hardware and operation design, however, 
activation is required. The mechanism 
failure point. This was the case with 
STS-4, when the cover did not deploy, and 


the greatest control over their 
a device may greatly complicate 
particularly if crew or ground 
also provides another possible 
the CIRRIS infrared telescope of 
no data was obtained. 


Experiment scheduling is probably the most effective technique for 
dealing with orbital particles crossing f ields-of-view. Some experiments, 
however, may not have the flexibility to select operation times. Also, 
the Camera— Photometer data of SL— 1 does not show a steady decrease in par- 
ticles with mission time. It is possible that this will also be the case 
in other Spacelab missions, with a large number of experiments located in 
the PLB. The length of time that engines and vents may be inhibited is 
limited, and this also interferes with a scheduling approach to particle 
protection. 


The final approach listed for protection from orbital particles is 
to include greater tolerances in the design of hardware elements. For 
example, if degradation of a thermal control surface due to particles is 
anticipated the surface could be sized to allow it to meet its require- 
ments even in a degraded state. In addition, instruments can be designed 
l? ^criminate between particles and other sources, as was done with the 

oL — c IK I • 

2 - 3 - 2 - 5 Key Fliqht Particle Technical Personnel 

Organization Phone 

Edgar R. Miller (IECM) MSFC (205) 544-7752 

R. C. Linton (OEM/PSA) MSFC (205) 544-2526 
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Organization 

Phone 


K. S. Clifton (Camera-Photometer) 

MSFC 

(205) 

544-7725 

Lubert J. Leger 

JSC 

(713) 

483-2059 

Steve Jacobs 

JSC 

(713) 

483-3561 

Jack Triolo 

GSFC 

(301) 

344-8651 

Fred Witteborn (SIRTF/IRT) 

ARC 

(415) 

694-5520 

Jack Barengoltz (Shuttle Env. Particle 

JPL 

(818) 

354-2516 

Subcommittee Chair) 




Carl R. Maag (IOCM) 

JPL 

(818) 

354-6453 

Lyle E. Bareiss 

Martin Marietta (303) 

977-8713 

Frank J. Jarossy (Particle Effects) 

Martin Marietta (303) 

977-8716 

Milton A. Hetrick (MAPM) 

Martin Marietta (303) 

977-1907 

John H. Raab (cleanliness/redistribution) 

Martin Marietta (303) 

977-1878 

Kathleen Muscari (KORBIT) 

Martin Marietta (303) 

977-8672 

Otto Hamberg (Redistribution/Effects) 

Aerospace Corp. 

(213) 

648-5821 

Gene N. Bor son 

Aerospace Corp. 

(213) 

648-6943 

Jerry L. Weinberg (SIA Experiment) 

Uni v. of FI . 

(904) 

392-5450 

2. 3. 2.6 Flight Particle References 





E-l Miller E. R., ed., "Induced Environment Contamination Monitor Pre- 
liminary Results from the Spacelab 1 Flight", NASA TM-86461, MSFC, August 
1984. 


E-2. Miller, E. R., "STS-2,-3,-4 Induced Environment Contamination Monitor 
( IECM)" , NASA TM-82524, MSFC, February 1983. 


E-2A. Miller, E. R., "Update of Induced Environment Contamination Monitor 
Results", AIAA-83-2582-CP, October 31, 1983. 


E-3. Miller E. R., "STS-2 Induced Environment Contamination Monitor 
(IECM) - Quick Look Report", NASA TM-82457, MSFC, January 1982. 


E-4. Linton, R. 
Assembly (POSA): 


C., 

Fi 


E. R. Miller and M. Susko, "Passive Optical 
nal Report", NASA TM-82466, MSFC, August 1981. 


Sample 


E-5. Bareiss, L. E., "Workshop on STS Payloads Environmental Data: Contam- 
ination Panel Summary", Martin Marietta, 9 June 1983. 


2-82 


E-6. Dixon, 0. G., W. C. Carey and J. A. M. McDonnell, "Contamination By 
Fibers on Space Shuttle Flight OSS-1 Microabrasion Foil Experiment", Jour- 
nal of Spacecraft, Vol. 21, No. 4, April 1984, University of Kent, pub- 
lished by AIAA. 


E-7. Miller, E. R. and R. Qecher, "An Induced Environment Contamination 
Monitor for the Space Shuttle", NASA TM-78193, MSFC, August 1978. 


E-8. Barengoltz, J., F. Kuydendall, and C. Maag, "The Particle Environment 
1982~ 3 dS 0bserved by the Car9 ° Bay Televi sion System", JPL, 25 October 


E-9. Hamberg, 0. and F. D. Tomlinson, "Sensitivity of Thermal Surface 
Solar Absorptance to Particulate Contamination", AIAA-71-473, Aerospace 
Corporation, published by AIAA, April 1971. 

E-10. Young, R. P., "Degradation of Low Scatter Mirrors by Particle Con- 
tamination", AEDC-TR-74-109, ARO Inc., January 1975. 

E-ll* Leinert, C., "Stray Light Suppression in Optical Space Experiments", 
Applied Optics, Vol. 13, No. 3, March 1974. 

E— 12- "Mirror BRDF Plot", Hughes Aircraft Co., Informal Cownunication, no 
date. 


E-13. "The Contamination Environment of STS Mission 51-C as Measured by 
the Interim Operational Contamination Monitor (IOCM)" (U), Jet Propulsion 
Laboratory, August 1985. 

E-14. Hamberg, 0., "Prelaunch and Orbiter Bay Contamination Control at 
KSC", Aerospace Memo 78-5124.17-15, 16 November 1978. 

E— 1 5 - Sherrard, M. L. and L. E. Bareiss, "Apparent Trajectories of Contam- 
ination Particles in the Spacecraft Environment", NASA New Technology Sub- 
mission MFS-22844, Martin Marietta, 13 July, 1973. 

E— 16 . Lee, A. "Particle Dispersion Around a Spacecraft", AIAA-83-0243, 
LSOC, 1983. 


E— 17 . Muscari, K. "The Particle Environment Around 
AIAA-85-0955, Martin Marietta, 19 June 1985. 


Sensitive Payloads", 


E-18. Sherrard, M. L., F. J. Garlitz, and F. J. Jarossy, "Cloud Effects 
Math Model Report", ED-2002-1372, Rev. A, Martin Marietta, 30 September 


Likeness, B. K., "GUERAP III: General Unwanted Energy Rejection 
Analysis Program, User's Manual", Honeywell, Inc., July 1978. 

E-20. Breault, R. P., "User's Manual for PADE-APART Version 6B", Breault 
Research Organization, February 1980. 


2-83 


2.3.3 Flight Molecular Environment 


2 . 3 . 3 . 1 Available Data 


In this section an overview of published flight molecular contami- 
nation data will be presented. For further details the cited references 
should be consulted. The presentation will generally follow the order of 
the IECM instrumentation descriptions in Section 2. 3. 1.2. 

2. 3. 3. 1.1 Ascent Phase 

The Air Sampler (IECM03) was used to "grab" the gaseous environment 
during ascent and descent. 

After collection, the samples were analyzed in ground laboratories 
by gas chromatography/mass spectroscopy (GC/MS). Figure 2.3-9 shows the 
collection timeline on STS-2 during ascent (Ref. F-l). Table 2.3-3 lists 
some of the compounds and the quantities measured; a listing of 127 enti- 
ties was generated some of which could not be identified. The ascent A 
and B terminology refers to the two samples collected during the STS-2 
ascent. A summary of ascent Air Sampler results from the STS-2, -3, and 
-4 missions is presented in Table 2.3-4 (Ref. F-2). Detection method B in 
Table 2.3-4 consisted of Electron Spectroscopy for Chemical Analysis 
(ESCA) used for reactive species that react with the platelets (see Sec. 
2. 3. 1.2). The Air Sampler results obtained during the STS-9/Spacelab 1 
(STS-9/SL-1) mission are presented in Table 2.3-5 (Ref. F-3). 

The TQCM (IECM07) measured condensables in the payload bay, but 
during ascent the temperatures of the sensors are not controlled. Figure 
2.3-10 shows a comparison of the mass accumulation for the +Y (right) axis 
sensors during ascent of flights STS-2, -3, and -4 (Ref. F-4). It can be 
seen that mass accumulates during ascent, reaches a peak in less than 1 
minute, and as orbital altitudes are reached the accumulated mass begins 
to desorb and in most cases reaches a level which is below the original 
level. Table 2.3-6 summarizes the ascent data for the five sensors for 
the three flights (Ref. F-4). 


Table 2.3-3 

IECM— Air Sampler Organics Detected in Most Significant 
Quantities * on STS-2 (Ref F-l) 


Compound 

Ascent A, 
pigm 

Ascent B, 
Vqm 

C 9 H 1 6 0 (2-lsononenal) 

— 

0.22 

4*Methyl-1-Pentene 

1.5 

3.2 

1, 1, 2-Trichloro-1, 2, 2*Trifloroethane 

— 

— 

Methyl Benzene 

4.5 

0.86 

Dibromochloromethane 

— 

— 

Hexamethylcyclotrisiloxane or Similar Compound 

7.2 

0.88 

A Carboxylic Acid Ester, No Satisfactory Match 

7.5 

11.0 

Benzenedicarboxylic Acid, Oi C \ 4 Ester 

2.2 

3.4 

Nonadecane 

1.2 

1.5 

1, 2 -Benzenedicarboxylic Acid, Diethyl Ester 

10.0 

15.0 

Aromatic Hydrocarbon (Possibly Oxygenated) 

1 

3.8 

In Approx 
110 Std CC 

6.8 

In Approx 
110 Std CC 

•Subsequent control analyses show that these quantities must be lowered 
significantly. 
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Table 2.3-4 

Summary of Results of Air Sampler Contaminants 
during Ascent from STS-2, -3, and -4 (Ref F-2) 




10 20 30 40 50 60 70 80 90 100 110 120 130 

Approx. Mission Elapsed Tima, s 

Figure 2.3-9 Pressure During Ascent of STS-2 (RefF-1) 
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Pressure, 10 N/m 









Species from Ascent Air Sampler on STS-9/Spacelab 1 

(RefF-3) 


Peak 

Number 

Area 

Percent 

Amount in 
10' 9 g per 
Substance 

Substance identity 

1 

3.8 

45 

Hexamethyicylotrisiioxane 

2 

1.2 

14 

Cylic Hydrocarbon 

3 

4.1 

49 

Unidentified 

4 

2.1 

25 

Low MW Alcohol or Ketone 

5 

8.4 

100 

C 7 Branched Alkane 

6 

2.8 

34 

C -7 Branched Alkane 

7 

0.2 

2 

Unidentified 

8 

1.1 

13 

Cg Branched Alkane 

Q 

1.0 

12 

C 9 Branched Alkane 

10 

2.1 

25 

Octamethylcylotetrasiloxane 


2 5 

30 

Branched Alkane 

12 

4^9 

59 

Aromatic Ketone (1 -Phenyl Ethanone?) 

13 

3.6 

36 

Branched Alkane (C 9 ?) 

14 

2.9 

35 

Branched Alkane (C 10 ?) 

15 

2.8 

33 

Branched Alkane 

16 

1.3 

16 

Branched Alkane 

17 

2.6 

31 

(Alcohol or Diol?) 

18 

1.6 

19 

Branched Alkane 

19 

3.6 1 

43 

Naphthalene 

20 

1.0 

12 

(Ester?) 

21 

4.0 

48 

Unidentified 

22 

1.0 

12 

Tridecane 

23 

1.5 

18 

Tetradecane 

24 

0.9 

11 

Ester or Diester 

25 

1.7 

20 

Unidentified 

26 

3.0 

36 

Branched Alkane 

27 

2.3 

28 

Substituted Aromatic Comp 

28 

1.0 

12 

Unidentified 

29 

2.0 

24 

Unidentified 

30 

5.6 

67 

Branched Alkane 

31 

1.4 

18 

Unidentified 

32 

2.8 

34 

Branched Alkane 

33 

4.7 

56 

Branched Alkane 

34 

3.5 

42 

Branched Alkane 

35 

3.7 

44 

Branched Alkane 

36 

4.7 

56 

Branched Alkane 

37 

2.5 

32 

Branched Alkane 

38 

1.0 

12 

Branched Alkane 


The results from the cryogenic quartz crystal microbalances, CQCM 
( IECM08) for the ascent phases of the three flights are presented in 
Table 2.3-7 (Ref. 6). In most cases at the end of the measurement it 
appears that there is a negative mass accumulation. 


Table 2.3-7 CQCM Net Molecular Mass Accumulation Rates during Ascent Phase (Ref F-4) 





Sensor -Z1 

Sensor -Z2 




MET, 
h, min 

A Time, 
min 

Sensor Temp, 
°C 

Mass Change, 

ng cm' 2 

Mass Accum 
Rate, ng cm* 2 /h 

Sensor Temp, 
°C 

Mass Change, 
ng cm* 2 

Mass Accum 
Rate, ng cm* 2 /h 

STS-2 

000 00 
000 37 

37 

23 

21 

67 

109 

23 

20 

-6 

•10 

STS-3 

000 00 
000 37 

37 

23 

20 

-4 

-8 

24 

21 

•28 

•47 

STS-4 

000 00 

OOO 17 

17 




25 

22 

17 

61 
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Figure 2.3-10 Comparison of +Y Axis Mass Accumulation during Ascent (RefF-4) 


Table 2.3-6 

Mass Accumulation by TQCM during Ascent 
Phase (Values Shown in ng cm'2) (Ref F-4) 


STS-2— Asctnt 


Sansor Axis 


STS-3— Aacant 


Sansor Axis 


STS-4— Ascant 


Sansor Axis I Max 


Minion Eiapsad Tima, Min 


1 Tima 1 

2 

tm 

1 

1 

1 


*2 

-20 

•27 

-8 

•6 

-16 

+22 

-20 

+6 

-2 

-62 

+61 

-8 

-739 

-43 

-69 

+81 

•11 

-465 

•149 

-179 

+94 

-11 

•674 


Minion Eiapsad Tima. Min 


Max 

Tima 

2 

10 

20 

30 

ra 

+87 

0,7 

-2 

•46 

•58 

•69 

•72 

+109 

0.6 

*16 

•47 

-67 

-76 

-81 

+111 

0.6 

•9 

-16 

•20 

•25 

•25 

+146 

0.8 

-9 

-61 

+75 

+70 

+75 

+146 

0.8 

+8 

0 

+2 

•12 

*27 


Mission Eiapsad Tima, Min 


2 |S 10 


+36 +22 +17 

•265 635 -449 

-11 -25 h45 

+« -3 -9 1 -12 

+11 I +20 +43 +28 +27 
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2. 3. 3. 1.2 On-Orbit Phase 

From analysis of results from the Passive Sample Array (IECM05) and 
the Optical Effects Module (IECM06) on STS-2, -3, and -4, there appeared 
to be no significant evidence of molecular film deposition (Ref. F— 5) . 
Most of the measured degradation was probably due to the effects of adher- 
ing particles which was attributed to the post-landing ferry-flight envi- 
ronment. Similar results were obtained on STS— 9/SL— 1 (Ref. F-6). 

During missions STS-2, -3, and -4, the TQCM (IECM07) sensor accumu- 
lated mass periodically at four preprogrammed temperature settings: +30 , 
0*, -30* and -60*C. Between each measurement period the sensors underwent 
a +80 *C cleanup mode. On STS-2 and -3 most accumulation rates were be- 
tween 0 and 50 ng/cm 2 hr with some negative values being recorded at 
each temperature. On STS-4 the majority of measured deposits were less 
than 25 ng/cm 2 hr and many negative values were recorded (Ref. F-4). 
The contamination measured on STS-9/SL-1 was significantly greater than on 
the three early missions. Figure 2.3-11 shows the TQCM measurement for 
all five sensors on the STS-9 mission (Ref. F-7). The +X (fore) sensor 
clearly accumulated the most mass during any period of the mission. 

Rapid and large changes in mass accumulation can be related to par- 
ticular events on a mission. Figure 2.3-12 shows the mass accumulation 
recorded during a Reaction Control System (RCS) engine firing on STS-3 
(Ref. F-4). Diurnal variations in mass accumulation have also been ob- 
served and Figure 2.3-13 shows such effects on mission STS-9/SL-1 (Ref. 
F-7). (Similar variations were also observed on STS-3.) The largest seem 
to occur with the +Y sensor. 

On STS-3 the TQCM of the CMP, contamination monitor package (Sec- 
tion 2. 3. 1.2. 2) recorded accumulations in a predictable pattern based on 
the temperature profile of the payload and its surroundings (Ref. F-8). 
There was a strong dependence on the temperature of the bay which, in 
turn, depends on the Orbiter attitude towards the sun. In the tail-to-sun 
position (TTS), accretion rates on 0*C TQCM surfaces began as high as 100 
ng/cm 2 hr during the first hour and fell rapidly to a few ng/cm^ hr 
(both positive and negative) almost immediately. Low rates existed even 
when the TQCMs were set to -30* C as the cargo bay continued cooling. In 
the nose-to-sun attitude (NTS), which is a slightly warmer condition, the 
same low rates at 20 and -30 C were seen. In the bay-to-sun attitude 
(BTS), accretion rates began rising to nearly 100 ng/cm2 hr for the -X 
(aft) sensor at 0*C. The other sensors showed rates in the vicinity of 20 
ng/cm 2 hr. At 20*C, all of the TQCMs showed accretions in the vicinity 
of 20 ng/cm 2 hr. Table 2.3-8 shows the accumulations for a number of 
periods during the STS-3 mission. TQCM 3 was the -Z sensor, while TQCM 4 
pointed in the +Y direction. 

The CQCM (IECM08) mass accumulation results for STS-2, -3, and -4 
are surmiarized in Table 2.3-9 (Ref. F-4). The results for STS-9/SL-1 for 
the -Z sensor is shown in Figure 2.3-14 from lift-off to 177 hr MET (Ref. 
F-7). Contamination deposition measured by the CQCM on this axis was less 
than 4 ng/cm 2 hr. 
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Minion: Spacelab I (STS 9) 11-28-83 to 12-8-83 
Instrument: IECM — TQCM 
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Mission Elapsed Time, h 

Figure 2.3-1 1 Surface Contamination as Measured by TQCM on Spacelab 1 (Ref F-7) 





Mission: Spacalab 1 (STS-9) 
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Table 2.3-8 Accretion Rates Indicated by the CMP during the STS -3 
Mission (RefF-8) 




TQCM Accretion Rates, 
ng cm* 2 h‘ l 


Or biter 
Attitude 


000:12:50:16 

000:18:39:25 

001:01:00:30 

001:06:15:19 

001:06:45:42 

001:12:45:22 

002:06:30:07 

002:11:00:02 

003:02:00:23 

003:04:45:38 

003:11:00:07 

003:15:30:08 

004:03:00:05 

004:13:20:00 

005:00:05:07 

005:10:15:18 

005:15:00:17 

006:01:15:33 

006:05:45:28 

006:10:00:05 


000:15 
000:21 
001:04 
001:06 
001 :08 
001:15 
002:09 
002:14 
003:03 
003:07 
003:14 
003:18 
004:06 
004:16 
005:03 
005:13 
005:18 
006:04 
006:08 
006:13 


:50:25 
:39:24 
:00:38 
:45:42 
: 15:27 
:45;29 
:30:18 
:00:36 
1:30:08 
:45:43 

k 00:20 

1:30:21 

i:00:15 

1:20:08 

1:05:05 

1:15:28 

1:00:30 

1:15:03 

1:45:22 

1:00:20 



TQCM 

Temperature, °C 

•X -Y -Z +Y 

+2 

+4 

+3 

2 

+2 

+1 

+3 

-1 

-1 

+3 

-1 

+3 

0 

-1 

+3 

-30 

•2 

0 

+1 

+5 

•30 

•10 

-8 

+17 

-2 

*29 

-9 

+3 

0 

+3 

+15 

+7 

-2 

-13 

+4 

+14 

-1 

+4 

+2 

+2 

•29 

0 

-12 

-48 

-2 

-29 

-2 

*1 

•9 

-1 

-29 

-2 

+1 

+2 

0 

•29 

+4 

-1 

+2 

2 

-29 

-3 

-13 

+7 

-12 

-29 

+1 

0 

+6 

-2 

*29 

-3 

+13 

-4 

-5 

+1 

+51 

-9 

+11 

+32 

+1 

+81 

+14 

+2 

+18 

+17 

+7 

+12 

+14 

+9. 

+17 

+26 

+18 

+16 

+87<* 

+1 

-2 

0 

+2 

-3 


Notes: 

The values are based upon the differences between two groups of five points each either 
one or two orbits apart. The times given are the center points of the five. The tempera- 
tures can vary by 2 5 C from the value given; in the case of TQCM3, instability often 
caused oscillations of as much as 1 12rC. 

a Includes payload bay door opening and closing tests. 
b After a bakeout. 

^Temperature change took place during this period. 

^Temperature of TQCM 4 was -27°C. 


Table 2.3-9 CQCM Summary: Net Molecular Mass Accumulation Rates (Ref F-4) 



-Z1 





Frequency 
Change, Hi 

Mass 

Change, 
ng cm' 2 

Time 

Interval, 

min 

Mass 

Accumulation 

R,t *' i i 

ng cm‘* h 1 

Frequency 
Change, Hz 

Mass 
Change 
ng cm* 2 

Time 

Interval, 

min 

Mass 

Accumulation 

Rate, 

ng cm* 2 h’ 1 

| From Liftoff to Power Down 








iHH 


- STS- 2 

-109 

-170 

3,285 

-3 

*372 

- STS 3 

119 

186 

11,580 

1 

144 

- STS4 

-157 

-245 

10,202 

-1 

-32 

From Minimum Frequency to 






Maximum Frequency in Orbit 






- STS2 

212 

331 

2.787 

7 

245 

- STS3 

406 

ETT.;-. 

8,858 

4 

393 

- STS4 


■M 



287 

From Minimum Frequency to 


n 




Final Frequency in Orbit 






- STS2 

174 

271 

2,967 

5 

147 

- STS3 

340 

530 

11,488 

3 

290 

- STS4 





183 


•580 

3285 


225 

11,580 


-50 

10,202 


382 

1,941 

12 

613 

10,009 

4 

448 

2,458 

11 

228 

2,952 

5 

452 

11,276 

2 

285 

9,705 

■1 
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Figure 2.3-14 1ECM CQCM Surface Contamination Measurements and Sensor Temperature (Ref F-7) 


For on-orbit measurements the quadrapole mass spectrometer (IECM10) 
was normally oriented to view along the -Z axis so that the measured con- 
stituents were mostly a consequence of scattering from the ambient atmos- 
phere. Gaseous atoms and molecules of 1 through l r 3 amu were sampled for 
2 seconds with a full spectrum being obtained in 3' > seconds. Particular 
emphasis was on H 2 O contamination so it was sai. led on a continuous 
basis between scans of the entire spectrum. 

Both STS-2 and -4 suffered from heavy rainstorms on the launch pad. 
The early part of the STS-4 mission (<4 hrs MET) showed the highest water 
return flux values of the three flights. It decreased with a time con- 
stant (1/e) of about 10 hours. Table 2.3-10 shows the mass spectrometer 
H?0 return flux measurements as well as calculated column densities. 
The table also shows H 2 O on the STS-9 flight (Ref. F-2). 


Table 2.3-10 

H 2 0 Return Flux by lECM-Mass Spectrometer and 
Calculated Column Densities ( Ref F-2) 


Mission 

Return Flux |/cm 2 /sr/s) 


tSTS-2 

STS-3 

STS-4 

STS-9 


Final 

iiiiiMiiiinm 

Final 

1.3x10* 4 
9.8x10* * 
2.1x10 14 

1.8x10* 3 
2.6x10* * 
6.6x10 * 2 

2.0x10* 3 
15x10* * 
3.2x10* 3 
2.0x1 0 l2f 

2.7x10 * 1 
4.0x10*° 
I.OxlO* 2 


* Except for PRCS firings and payload bay door closings. 
tTht values are considered upper limits. 


Excess water from fuel cells is dumped periodically at rates of 
about 68 kg/ hour with a dump usually lasting for about an hour. Of the 25 
water dumps during the STS-2 and STS-4 missions, only one, occurring at 
118 hours MET, on the STS-2 mission was clearly correlated with the mass 
spectrometer response. This is shown in Figure 2.3-15 (Ref. F-9). Fur- 
ther, the mass spectrometer did not unambiguously detect any increase in 
H?0 return flux during Flash Evaporator System (for cooling) operations. 
(If any water release froze into ice crystals, as might be expected, water 
would not be detected by the mass spectrometer.) 

Water contamination can, however, be correlated with Shuttle sur- 
face temperatures (Ref. F-10). Figure 2.3-16 shows the variation of water 
with MET as well as the AFGL mass spectrometer sensor temperature. This 
temperature profile was identical to profiles of thermistors placed 
throughout the pallet in the bay where the latter showed excursions of at 
least 100 *C at the peaks. Thus, it is probable that the water output 
directly reflects the temperature induced outgassing or desorption of 
spacecraft surfaces. 

Figure 2.3-17 shows a mass spectral scan at 7.2 hours MET on STS-3 
(Ref. F-10). It is not sufficiently well resolved at most mass numbers 
for a definitive analysis of contaminants. It is, however, remarkably 
clean above 50 amu. On STS-4, Freon 21 was a significant contaminant, 
implying a leak in a cooling loop. Helium is common during all three 


2-94 










Mass Coun{s/2s 






10’ 7 
nr 8 
1 io» 

to 

3 
u 

10 -‘° 
io* u 

100000.0 110000.0 210000.0 310000.0 410000.0 510000.0 

MET.* 

Figure 2.3-16 

Toe Average H 2 O Current and Sensor Temperature Measurements 
Throughout Flight (RefF-10) 




Figure 2.3-17 IECM Mass Spectrum, STS-3, 7.2 b MET (Ref F-ll) 
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Figure 2.3-18 

Pressure Rise and Composition by IECM Mass Spectrometer in the Payload Bay During 
the Door Closing Exercise at 167 hr MET on STS-3 (RefG-12) 
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On STS-4 the IECM was picked up by the RMS and maneuvered to look 
inward at the payload bay and other surfaces. The survey was taken be- 
tween 45.5 and 47.8 hours MET in bay-to-sun attitude. A total of 15 dif- 
ferent configurations were achieved of which nine are depicted in Figure 
2.3-19 (Ref. F— 12) . The field-of-view of the mass spectrometer, 10* half 
angle, is shown in positions 11 and 18. In all positions the IECM was 
located on the center line of the Y axis of the Shuttle. The average 
value at each position of three of the observed contaminants is shown in 
Figures 2.3-20, -21, and -22. In Figure 2.3-22, positions 11 and 17 seem 
to localize the source of the Freon leak in the vicinity of the aft bulk- 
head and the tail root. The helium survey shows a very large source at 
position 18 (see top of Figure 2.3-21). 
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Figure 2.3-19 STS-4 Geometry of Contamination Survey Positions (RefF-12) 


STS-4 

Gaomatry of 
Contamination Survay 
Positions 



t 1 i i I 1 i 1 i i I I I I I I I 1 L 


2-98 








h 46 <4 MCT, h— min 47 


STS™ Freon 21 (Mass 67) Counts during Contamination 
Survey ( Ref F-12) 

An unexpected measurement by of the mass spectrometer on STS-9/SL-1 
was a large peak for methane during PRCS thruster tests. A thruster fir- 
ing event on STS-4 viewed directly during the RMS survey, is shown in 
Figure 2 3-23 (Ref. F-12) methane is not predicted as a contaminant and is 
ascribed to catalytic production over the zirconium oxide getters of the 
collimator of the mass spectrometer from unburned monomethyl hydrazine. 
This assertion requires additional study but does seem to explain the 
results. 

On STS-9 the mass spectrometer results were quite similar to ear- 
lier flights. However, during low temperature excursions, depicted in 
Fiqure 2.3-24 the instrument became slightly detuned moving a given amu to 
a lower value. Very little, if any, data was lost as a result of this 
problem, but the data reduction process become more complicated (Ref. 
F— 13) . 

The Mattauch-Herzog mass spectrometer (Section 2.3.1.2.2) was part 
of the SPAS-01 subsatellite which was detached from the Shuttle on STS-7 
and flew up to 330 m behind the Shuttle (Ref. F-14). The sampling rate 
was one point every 2 sec for 28 amu (N 2 + CO) and one point every 4 sec 
for 32 amu (0 2 ). At point "a“ of Figure 2.3-25 the subsatellite was 
detached from the Shuttle. In the period "b" the attitude was changed 

such that the ion source was in the ram direction. From then on the sig- 
nals were due to ambient molecular nitrogen and to ambient atomic oxygen 

recombining in the ion source to molecular oxygen. During the period c 
the shuttle moved toward the SPAS and the "grab" occurred at d . Fre- 
quent firings of the thrusters of the Shuttle created N 2 , CO, and H 2 0 


2-100 


Counts/0 ,2s 


which got into the vicinity of the subsatellite. The water vapor deposi- 
tion on the ion source surfaces hindered the recombination of atomic oxy- 
gen into O2, which appeared to give an Og signal negatively correlated 
with the nitrogen pulses. 



Figure 2.3-23 

Signature of a Vernier RCS Firing during Mapping (Ref F-12) 
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Figure 2.3-24 Mass Spectrometer Temperature Versus Mission Elapsed Time (RefF-13) 


Figure 2.3-26 shows the mass spectrum obtained on STS-11 during the 
sixth day inside the payload bay with the ion source facing the forward 
bulkhead. The most prominent contaminant is water vapor at 18 amu. If 
the contaminant at 19 amu is H 3 0 it is not yet certain whether it was 
produced within the halo of contamination surrounding the Shuttle or in 
side the ion source of the instrument (Ref. F-14). Mass 40 is most likely 
argon, and mass 44 is COe. The peaks at masses 67 and 69 cannot be 
identified as hydrocarbons because of lack of other peaks on either side 
of this pair of peaks. Certain Freons produce peaks in the 67 to 69 mass 
region but again more peaks on either side would be expected. (Note above 
that on STS-4, Freon was detected in the vicinity of the aft bulkhead). 


2-102 



sui SZL/Siunoo 'Z|\| 



Figure 2.3-25 Mass Spectrometer on Free Flying SPAS 01 Subsatellite on STS-7 (Ref F-14) 
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Figure 2.3-26 Mass Spectrum of Payload Bay on STS 1 1 (Ref F 14) 


Figure 2.3-27 shows the mass spectrum of the bay during astronaut 
activity in the bay. The effects of multiple thruster firings of the 
Manned Maneuvering Unit (MMU) are very clearly seen on the total ion cur- 
rent electrometer (upper trace). The average level of contaminants was so 
high that on the lower trace the readings are from the d.c. electrometer 
because use of the multipliers saturated the signal for many lines. It 
can be noted from the two traces that the contamination consisted of a 
quickly variable component and a slowly varying one. The TIC electrometer 
(upper trace) shows that the majority of all emitted gases disappear with 
time constants of less than a second. The slowly varying component per- 
sists after the MMU thruster firings and is dominated by water vapor and 
by CO at 28 amu. 

Comparison of Figure 2.3-18 with Figure 2.3-27 shows the Mattauch 
Herzog spectrometer to be much more successful for mass resolution than 
the quadrapole instrument of the IECM. 

2. 3. 3. 1.3 Oescent 

During descent on STS-2, -3, and -4 the Humidity Monitor (IECM01) 
recorded the relative humidity in the cargo bay. The results are depicted 
in Figure 2.3-28 (Ref. F-15). 

The Air Sampler collection timeline during descent of STS-2 is 
depicted in Figure 2.3-29, and the analysis of the collected contaminants 
are listed in Table 2.3-11 (Ref. F-l). As with the contaminants of the 
Air Sampler during ascent (Sec 2. 3. 3. 1.1) analysis was made by gas chroma- 
tograph/mass spectroscopy. The gases identified in analysis of the sam- 
ples on STS-9/SL-1 are listed in Table 2.3-12 (Ref. F-3). 

The mass accumulation by the TQCM (IECM07) as measured on STS-2 and 
ST-4 are listed in Table 2.3-13 (Ref. F-4) (No descent data was taken on 
STS-3) . Figure 2.3-30 shows a representative plot of mass accumulation 
during the entire descent phase for the +Y axis sensors and their tempera- 
tures. On STS-2 the sensors were in the +80’ C cleanup mode when the de- 
orbit command occurred. On STS-4 they were at -30*C at de-orbit command. 
An increase in mass accumulation is seen at landing with a slow increase 
after landing until IECM power-down. 

The data for the two CQCM (IECM08) sensors for each of the three 
flights with the exception of the -Z1 sensor on STS-4 are presented in 
Table 2.3-14 (Ref. F-4). The -Z1 on STS-4 showed extreme sensitivity to 
direct solar radiation causing the data to be unreliable. 
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>ftbe Payload Bay during Astronaut Activity in the Bay (Ref F-14) 




Tim« Reference Orbiter at Altitude of Approximately 
22.875 km 175,000 ft) 

Figure 2.3-28 

(£ 9 ^ *i en *y, Humidity Monitor and Reentry Temperature (Air Sampler) for STS-2 STS-3 and 
8 1 8-4 [Ref F-15) 


Table 2.3-11 

IECM Air Sampler Organics Detected in Most 
Significant Quantities* on STS-2 (Ref F-l) 


Compound 

Descent B, 
/igm 

C 9 H 1 6 0 (2- Isononenal ) 

4-Methyl*1-Pentene 

1*1, 2*Trichloro-1, 2, 2*Trifloroethane 
Methyl Benzene 
Dibromochloromethane 

Hexamethylcyclotrisiloxane or Similar Compound 
A Carboxylic Acid Ester, No Satisfactory Match 
Benzenedicarboxylic Acid, Di C 14 Ester 
Nonadecane 

1, 2- Benzenedicarboxylic Acid, Diethyl Ester 
Aromatic Hydrocarbon (Possibly Oxygenated) 

36.0 

79.0 

22.0 
11.0 

8.8 

30.0 

5.1 

2.5 

20.0 
10.0 

In Approx 
315 Std CC 


* Subsequent control analyses show that these quantities must be 
towered significantly. 
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Temperature 




5 Min 

Figure 2.3-29 Pressure During Descent ofSTS-2 (Ref F-l) 
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Table 2.3-13 Mass Accumulation by TQCM during the Descent Phase (Ref F-4) 


[ STS- 2 Descant Phase Total Duration: 1h, 10 min 



Minion Elapsed 
Tima, h:min 

Man Accumulation par Area, ng cm* 3 
Sensor Temperature, C 

Man Accumulation par Area, ng cm' 3 
Sensor Temperature, °C 

Man Accumulation per Area, ng cm' 3 
Sensor Temperature, °C 

Mass Accumulation per Area, ng cm' 3 
Sensor Temperature. °C 

1 

53:50 

0 

18.0 

0 

16.2 

0 

17.1 
0 

15.2 

54:00 

55 

17.1 

78 

15.2 

56.2 
17.1 

9.4 

14.3 

54:10 

58 

16.2 

80 

14.3 

44 

17.1 

•36 

13.3 

54:20 

123 

16.2 

374 

14.3 

162 

19.0 

•75 

17.1 

54:30 

140 

16.2 

395 

14.3 

136 

20.8 

-115 

19.0 

54:40 

150 

17.1 

413 

14.3 

125 

21.8 

•92 

20.8 

54:44 

150 

17.1 

413 

14.3 

125 

21.8 

•92 

20.8 

STS-4 Descent Phase Total Duration: 1 h, 28 min 



Minion Elapsed 

Sensor 


1 


n 


1 






Time, h:min 

Axis 

168:45 

169:00 

169:15 1 

169:30 

169:45 

170:00 

Man Accumulation per Area, ng cm* 3 

+Y 

0 


82 



165 


182 

179.4 

Sensor Temperature. °C 


•1.6 


•2.5 



7.7 


10.5 

+13.5 

Man Accumulation per Area, ng cm' 3 

♦X 

0 


•19 


• 



16 


8 

8 

Sensor Temperature, °C 


5.9 


♦4.9 

+4.9 


+5.9 


6.8 

8.8 

Man Accumulation per Area, ng cm' 3 

2 

0 


13 


343 

360 


349 

360 

Sensor Temperature. °C 


6.8 


6.8 

5.9 


6.8 


8.7 

9.6 

Man Accumulation par Area, ng cm' 3 

mm 

mm 


4.7 

190 

195 


208 

220 

Sensor Temperature, °C 

pi 

la 


6.8 

10.5 


13.3 


15.2 

16.2 

Man Accumulation per Area, ng cm' 3 

1 ~ : i§ 

EM 


2 


•183 

-206 


•192 

-178 

Sensor Temperature, °C 

M 

19 


LiL_ 

7.7 

L 

10.5 


13.3 

14.3 
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Table 2.3-12 Species from Descent Air Sampler 
on STS-9/Spacelab 1 (RefF-3) 

















and STS-4 (Ref F-4) 


Table 2.3-14 CQCM Net Molecular Mass Accumulations Rates during Descent Phase ( Ref F-4) 



Sensor -Z1 

Sensor -Z2 


Attitude 

c 

UJ 

Sr 

A Time, 
min 

Sensor Temp, 
°C 

Mess Chengs, 
ng cm' 3 

Mess Accum 
Rets, ng cm' 2 /h 

Sensor Temp, 
°C 

Mess Chengs, 
ng cm* 2 

Mess Accum 
Rate, ng cm* 2 /h 

STS-2 

063 34 ' 

064 48 

71 

4 

27 

78 

66 

4 

26 

112 

95 

STS-3 

191 29 

192 59 

90 

14 

25 

0 

0 

23 

25 

37 

25 

STS-4 

168 30 
172 02 

92 


. 


-4 

23 

-41 

-26 
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2. 3. 3. 2 Additional Flight Information 


2. 3. 3. 2.1 Unpublished Flight Molecular Information 

The IRT of SL-2 (STS-51F) provides some information on the molecu- 
lar environment on that Spacelab flight. Flight data has not been com- 
pletely evaluated at the time of this handbook edition. The instrument 
experienced some failures, including the presense of some Mylar insulation 

.!\u th ?u. fie1d " of_view of the sensor during at least part of the mission. 
With this in mind, the contamination implications of some of the IRT data 
from early in the flight has been examined by Or. Fred Witteborn, NASA ARC. 

Preliminary evaluation of a very small amount of data early in the 
mission is consistent (on 3 of 6 channels) with water column densities of 
3 x 10^/crn^ (and higher densities on the other 3), and a density of 
CO2 of 1.3 x 10 iJ /cn* on a fourth. Whether or not the mylar insula- 
tion was present, and what effect this material would have on the IR sig- 
nal are currently unknown. It is hoped that a more detailed evaluation of 
the data will illuminate these issues. 

One other set of unpublished data was collected by coated mirror 
samples flown on the Hitchhiker payload carrier flown on STS-61C. 

2. 3. 3. 2. 2 Needed Flight Molecular Information 

As will be discussed in Section 2. 3. 3. 3. 2, the effects of deposited 
material on surfaces can very greatly, depending on the composition (and 
morphology) of the deposit. Attempts to measure the effects of flight 
deposits (the OEM of the IECM) thus far have been unsuccessful, due to the 
small deposit thicknesses collected. A desirable set of flight data would 
be a measure of the effects of deposited molecules during the vari- ous 
classes of Shuttle Flights. Another less direct approach to measuring 
deposition effects would be to include volatile condensible material (VCM) 
effects in a standard outgassing materials test. This approach would 
required that extensive analyses be conducted to predict flight degrada- 
t i on s . 

2. 3. 3. 2. 3 Planned Flight Molecular Information 

At this time, no dedicated molecular contamination experiments 
planned for flight are known. The USAF IOCM may fly again, but data col- 
lected by this instrument may continue to be classified and unavailable. 
The same may be true of data collected by CIRRUS and other USAF or Strate- 
gic Defense Initiative Office (SDIO) infrared instruments. Thus, release 
of molecular data from future flights can not be guaranteed. 

2. 3. 3. 3 Flight Molecular Tools/Models 
2. 3. 3. 3.1 SPACE II Computer Model 

Spacecraft external nonmetal lie materials under the influence of 
the vacuum environment of space inherently demonstrate a loss of mass 
characteristic of the particular material. Operational systems such as 
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attitude control engines, overboard vents and pressurized compartments can 
emit copious amounts of contaminant material to space vacuum. The combi- 
nation of all such phenomena for a particular space vehicle produces a 
dynamic molecular and particulate contaminant environment in the near 
vicinity of the vehicle. 

Previous methods of evaluating this complex phenomena were limited 
to isolated analyses of simplified spacecraft configurations requiring 
numerous simplifying assumptions and computer modeling approaches dealing 
with only specific aspects of the total problem. These approaches were 
practical for past space programs which demonstrated limited variations in 
the major influencing parameters. With the inception of the Shuttle/ 
Spacelab Program presenting almost unlimited variations in influencing 
parameters (both mission and configuration dependent), utilization of ear- 
lier simplified approaches became untenable. It became apparent in attemp- 
ting to evaluate the Spacelab vehicles for compliance with program on-or- 
bit contamination control criteria and in conducting Spacelab/Shuttle Orbi- 
ter mission feasibility analyses for MSFC that the need existed for an 
all-up systems level contamination evaluation computer model to handle the 
enormous number of calculations required to accurately predict the total 
induced molecular environment. The resulting Shuttle/Payload Contamina- 
tion Evaluation Version II computer model (denoted the SPACE II Program) 
was developed with the prime objectives of refining the modeling ap- 
proaches to describing the complex physical phenomena involved and inte- 
grating previously developed methodology into a coherent systems level 
computer program capable of accommodating all primary variables to dyna- 
mically simulate the molecular induced environment. 

The Martin Marietta developed SPACE II Program is a systems level 
computer model which mathematically synthesizes and maps the induced mole- 
cular contaminant environment of the Space Shuttle Orbiter and the Space- 
lab carrier vehicles to be flown as payloads within the Orbiter bay. 
SPACE II has been configured to accept other space vehicles for evaluation 
as well. The purpose of the SPACE II Program is to simulate the complex 
dynamics of a spacecraft's induced environment to establish the levels of 
surface deposition and contaminant cloud thickness which will impact the 
operation of spacecraft systems and degrade scientific data acquired by 
sensitive instruments. Development of the SPACE II Program was prompted 
by the need to minimize manual calculational requirements by integrating 
numerous independent subprograms and analytical approaches into an all-en- 
compassing model which could simultaneously consider vehicle configura- 
tion, all major contaminant sources and their interactions and the trans- 
port of these sources to spacecraft/ instrument surfaces or to locations 
within the volume of space through which scientific instruments would view 
(i.e., a total systems level model). 

Prior to the SPACE II Program development and subprogram integra- 
tion, the analytical approach and methodology of many of the component 
subprograms were verified by flight data obtained during previous manned 
and unmanned space programs. Deposition prediction subroutines for direct 
1 ine-of-sight contaminant transport from source to surface were validated 
during the Skylab Program for an assortment of external experiment sur- 
faces (such as the D024 Thermal Coating Experiment and the T027 Optical 
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Contamination Experiment), Skylab windows, solar arrays and on-orbit depo- 
sition detectors. For example. Figure 2.3-31 presents the premission 
deposition predictions for one of the six active Skylab Quartz Crystal 
Microbalance (QCM) deposition monitors and the actual in-situ deposition 
levels measured during the Skylab Program (Ref. F-16). The premission 
predictions were so close to the as-flown flight data that only minor 
"fine tuning" (of outgassing decay rates) was required for near exact cor- 
relation. 

Subroutines developed to determine the backscatter of emitted con- 
taminant molecules resulting from collisions with the on-orbit ambient 
atmosphere (denoted as return flux) were verified for accuracy with a neon 
gas experiment flown on the Atmospheric Explorer-D Satellite. This exper- 
iment expelled a known amount of neon gas into the atmospheric "wind" and 
the amount returned to the satellite was detected by a mass spectrometer. 
The SPACE II Program return flux subroutine was utilized to predict the 
return flux levels based upon the satellite configuration, the orbital 
conditions and the neon vent flowrate and plume geometry. Figure 2.3-32 
demonstrates the close correlation obtained between predicted and measured 
return flux levels while the neon experiment valve was open (Ref. F-17). 



Figure 2.3-31 

Skylab Premission Prediction Correlation 
with Flight Data (Ref F-16) 
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In addition to the above mentioned space programs, various subrou- 
tines and versions of the SPACE II Computer Program have been applied to 

evaluations of NOAA-ITOS satellites, the DSP and DMSP satellites, the 
SCATHA Program, Titan launch vehicles, over 20 Shuttle DOD payloads and is 
currently being applied to programs such as Magellan and Space Station. 
This demonstrates that the SPACE II Program has not only been used exten- 
sively but is also a highly flexible analytic tool adaptable to numerous 
complex situations. Recently the SPACE II Program has been verified for 
accuracy through comparison of Shuttle/Spacelab IECM flight data with 
SPACE II Program premission contamination predictions for the QCM sensors 
and mass spectrometer (Ref. F-18 and F-19) . Integrated deposition predic- 
tions were found to be accurate, although the model is not able to predict 

short term variations, such as those that occur in a single orbit. 

The SPACE II Program is written completely in FORTRAN IV and is 
currently operational on the Martin Marietta Aerospace CDC Cyber 750 and 
VAX computer systems, the UNIVAC 1108 system at NASA’s Marshall Space 
Flight Center and the UNIVAC 1110 system at Johnson Space Center. The 
amount of core required depends on the machine, the operating system and 
the efficiency of its compiler and loader. 



Figure 2.3-32 

Atmospheric Explorer-D Return Flux Experiment 
Results (RefF-1 7) 
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Core requirements for the SPACE II Program have been minimized 
through extensive overlay structuring of the model subroutines which are 
called into the main program only when required for a specific calcula- 
tion. Random mass storage is utilized in the manipulation of the SPACE II 
Program input data to minimize model run time which is characteristically 
less than a few hundred seconds for a typical run. 

A comprehensive description of the SPACE II Program is contained in 
the SPACE Program User's Manual, (Ref. F-20). Copies of this document are 
available at the repository at MSFC. This section contains only a summary 
of the program operation, function and methodology. Contained therein are 
descriptions of the modeled configurations, contaminant source transport 
relationships, program logic flow, subroutines and permanent data files. 
User input and output options are discussed and sample problems are pre- 
sented. In addition, the User's Manual contains complete documentation 
into the methodology, physics and assumptions utilized in the development 
of the various SPACE II Program subroutines. 

The SPACE II Program, as delivered to the aforementioned NASA cen- 
ters, has the capability of evaluating the induced contaminant environment 
of the Space Shuttle Orbiter and three representative Spacelab configura- 
tions. It is configured, however, with the ability to evaluate any arbi- 
trary vehicle configuration through proper input data manipulation. SPACE 
II considers all major Spacelab and Orbiter contaminant sources including 
external nonmetallic materials outgassing and early desorption, leakage 
from pressurized crew compartments, overboard vents such as the Orbiter 
water evaporator vents and attitude control engines including the six VRCS 
and the thirty-eight PRCS monomethyl hydrazine/nitrogen tetroxide hypergo- 
lic engines. These sources are modeled as closed form mathematical expres- 
sions describing source emission rates and emission patterns based upon 
available nonmetallic materials vacuum test data, in-situ testing of engine 
and vent systems and engineering analysis. New or modified sources can be 
easily added to the existing configurations or to any new arbitrary vehi- 
cle configuration developed. 

Once the molecular contaminants have been emitted from a particular 
source, their transport to spacecraft/payload surfaces or to locations 
within the hemispherical volume above the spacecraft are simulated within 
the SPACE II Program (see Figure 2.3-33). The general expression used to 
describe the percentage of emitted source material (X) capable of reaching 
location (Y) is denoted as the mass transport factor (MTF) from X to Y or 
MTFx_y. The MTF is a function of not only the vehicle geometry but also 
the emission characteristics of the specific source. The contaminant 
transport phenomena considered in the SPACE II Program include the follow- 
ing (refer to Figure 2.3-33 for examples): 

a. direct source to surface (Q to © and © to © ) or to a 

location in space (© to © ); w ' 

b. direct source to surface or to a location in space with attenu- 
ation due to molecular collisions with the ambient atmosphere 

(5) prior to reaching the location of interest ©; 

c. reflection/reemission from vehicle surfaces ©or © — 

(iti e v) > 
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d. return flux resulting from collisions with the ambient atmos- 
phere ((?) to ®) and 

e. return flux resulting from collisions with other contaminant 
species (self-scattering). 

The primary output of the SPACE II Program includes the mass column 
density (MCD in g/cn?) or the molecular number column density (NCD in 
molecules/cm^) along instrument lines-of-sight, the return flux levels 
to surfaces of interest (molecules/cm2s) and accumulative surface depos- 
ition levels (molecules/cm2) for the contaminant sources and transport 
phenomena evaluated. 

LOS 
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Figure 2.3-33 

Illustration of SPACE II Contaminant Transport Functions 


Output from the SPACE II Program can be used as input to separate 
or independent subroutines and analytical approaches to determine the deg- 
radation effects induced by the predicted contaminant levels of surface 
deposition and contaminant cloud thickness (NCD). As a result, predic- 
tions can be made for such effects as surface reflectance or transmission 
loss and radiant scattering, emission or absorption by the molecular cloud. 

Execution of a SPACE II Program contamination prediction run is 
controlled by the program executive which is the primary mechanism by 
which the separate contamination analysis subroutines were integrated into 
a complete systems level model capable of simultaneous evaluation of all 
major phenomena influencing contamination. The program executive through 
true/false control flag manipulation directs input data flow, block data 
modification and the call of required model segments into core. The model 
has been configured with preset "default" input which allows the user an 
easy means of program checkout prior to more detailed computer runs. 
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Under the control of the program executive, data from permanent 
files or tape are called into the run stream. These files contain the 
required configuration data and corresponding surface temperature data for 
the analysis being conducted. Input configuration data (which is basi- 
cally a permanent file of the mass transport factors between all sources 
and locations of interest, is developed through use of a modified Thermal 
Radiation Analysis System (TRASYS, Ref. F-21) black body radiation program. 
TRASYS calculates the MTF (i.e., the percentage of mass emitted by a Lam- 
bertian source surface capable of impinging upon another surface or loca- 
tion in space) and geometrical relationships such as source/surface sepa- 
ration distances and angular relationships used in SPACE II to establish 
contaminant impinqment from non-Lambertian source emission patterns. The 
mass transport factor data files for the Orbiter and Spacelab configura- 
tions have been precalculated and are addressable from permanent data 
files. Modifications of Spacelab or Orbiter geometry or development of a 
new vehicle configuration requires creation of new or modified mass trans- 
port factor data files through the TRASYS Program. Vehicle configuration 
input to SPACE are developed by inputting appropriate geometrical shapes 
(i.e., cones, cylinders, planes, etc.) into TRASYS. The TRASYS program 
calculates the formatted mass transport factors with surface shadowing 
included, develops hard copy plots of the integrated configuration for 
visual verification of input data and assigns each modeled surface node a 
unique surface identification number. The assigned surface numbers serve 
as the basic library indexing system by which the SPACE II Program desig- 
nates source characteristics and temperature profiles to the modeled 
surfaces. 

2. 3. 3. 3. 2 Other Analysis Tools 

Simple techniques for estimating self scattered and ambient scat- 
tered return flux have been developed (Ref. F-22). These techniques do 
not offer the accuracy of the computer calculations previously described. 

The return fluxes tf r , produced by the scattering of emitted flux- 
es with ambient molecules can be estimated from 

*r - *d(RA 0 )(V s /Vd + 1) ~ 21(R/*o)t d , 2.3-7 

where R = Hemisphere radius, assumed for Shuttle bay -2.4 m; 

x 0 = molecular mean free path; 

V s = orbit velocity ~8 km/s; and 

V(j = average velocity of emitted molecules ~0.4 km/s. 

For nitrogen, the return fluxes out of the total direct flux for 
various altitudes are shown in Figure 2.3-34. The return flux of water 
molecules at 241 km has been calculated to be about 2 x 10 13 /cm2s at 
2.35 MET and about lxl0 11 /cm|s at 150 MET. These compare to the water 
initial return flux of 10 12 minimum to 10 14 maximum and fluxes of 
10 11 to 10 iJ at the end of the flight for STS-2, -3, and -4 (Ref. F-2). 
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The scattering of the outgassed molecules among themselves is about 
three orders of magnitude less than the direct flux and less than the re- 
turn flux at 241 km orbit. It can be estimated from 

* ss = 1.78xlO- 2 (aR/V d )0 d 2/cm2 s 2.3-8 

where a (cm 2 ) is the average cross section of the outgassing molecules 

and the other symbols are as defined above. 

The molecular column density NCD (/cm 2 ) or the mass column dens- 
ity MCD (g/cm 2 ), representing the number of molecules or the mass of the 
molecules (MCD = A n NCD, where A n is Avogadro's number) in a column of 

1 cm 2 extending from the bay to infinity can be estimated from 

N c = (x 0 /V s )4 r ~ (R/V s )* d " nR/cm 2 2.3-9 

where n = density (/cm 3 ). 

The baseline column density for the Shuttle from measurements of 
pressure in the bay are depicted in Figure 2.3-35. A column density of 
less than 10 12 /cm 2 water molecules occurs at 3 to 4 hours MET which is 
obtained when considering the water to be about 3 percent of the total 

column. The column densities in Figure 2.3-35 agree with the measured 

maximum and minimum values of 3xlCr 3 and 4xlC)10/cm 2 found for STS-2, 
-3, and -4 (Ref. F-2). 

2. 3. 3. 3. 3 Molecular Contamination Effects Models 


The effects of molecular contaminants are almost completely depen- 
dent on the type of molecules involved. For deposited molecules, the 
optical properties of the contaminated surface will degrade toward those 
of the deposit. These properties (solar absorptivity, reflectivity, trans- 
missivity, emmissivity, etc.) can vary greatly among different substrates 
and contaminants. Prediction of degradation of specific materials by 
deposited molecular contaminants depends on accurate prediction of the 
contaminant(s) deposited. Predictions of the material deposited are in 
most cases extremely difficult to make, and the techniques for making 
these predictions are generally beyond the current state-of-the-art. If 
an instrument is determined to be sensitive to organic or silicone depo- 
sits (assuming the deposit consists of some representative species) of the 
thicknesses indicated by the flight of data of Section 2. 3. 3.1, then pro- 
tection techniques should be considered. 

Prediction of the effects of field-of-view contaminants are also 
very complex. The molecules most likely to appear in f ields-of-view 
around the Orbiter are N 2 , O 2 , H 2 O and CO 2 . Reference F-23 de- 
scribes the calculation of received power from field-of-view H 2 O and 
CO 2 molecules around the Shuttle. Similar techniques could also be ap- 
plied to other species. 
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Analysis has shown that a positive pressure and purging flow by 
clean gas inside instrumentation can prevent ingestion of external molecu- 
lar and self-generated (offgassing) molecular contaminants. The following 
is extracted from Reference F-24. 

Insufficient venting and improper locations may subject a compart- 
ment to large pressure differentials and structural failures. An approach 
to venting of a compartment is to have a flow response time comparable or 
faster than the external flow field disturbance time. Assuming isothermal 
flow conditions and small pressure differentials the volume V venting 
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through an orifice. A, and a discharge coefficient, Cq, is d(oV)/dt * 
ovACn where o is the gas density and v its velocity at the orifice. 
From the gas law p * P/RT and its derivative dp/dt * ( 1/RT) dP/dt. The 
gas velocity is 

v - (2gh)l/2 . [2g(aP/p)]l/2 > [2gRT( aP/P)]l/2. 2.3-7 

Substitution, with V, A, and Cq as constants, leads to 

AC P 

3Y - — r [2gRT(&P/P)] 1 /2 2.3-8 


and 


aP 





2.3-9 


therefore (with dP/dt - P) 

j^r- ■ [2gRT(P () [&P/l i ^])] m, 2.3-10 



Figure 2.3-35 Column Densities vs Time for 
Baseline STS Bay 
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which is the ratio V/ACo which produces a pressure differential when the 
external pressure droD rate is P and the pressure is P+P n . In this ex- 
pression g = 9.81 m/s*, R = 29.2 m/K the gas constant for air and T is 
the absolute temperature. The coefficient Cp can be taken conserva- 
tively to be about 0.6. The evaluation of the required vent area A 
requires a knowledge of P and P 0 and the specification of an acceptable 
aP. The above equation provides the size of the vent area which allows a 
certain pressure differential to occur in a volume during the launch phase. 
Unless this area can be changed during other phases of flight and on the 
ground, the area size so established becomes basic to the purging flow 
requirements and the protection against contamination in the system. 

The contamination prevention against external or internal contami- 
nants to an instrument is predicated on the internal pressure and the exit 
velocity of the purging gas. The quantity of purge gas is a function of 
the vent area (A) and the pressure to be maintained (P), upstream of the 
vent area, and the downstream pressure P 0 . For air or nitrogen, when 
> 0-53P the viscous flow of gas at standard temperature and pressure 
(STP) from an orifice with small pressure differentials is given by 

Q = (oAv = o>A[2gRT(P-P 0 ) /P 0 ]l/2 m 3/ s 2.3-11 

which is obtained from the Torricelli equation. The coefficient a may 

vary from 0.64 to 0.98 for an orifice. The flow velocity at the exit for 
P 0 > 0.53P is 

v = a[2gRT(P-P 0 )/P 0 ]i/2 _ 24a[T(P-P 0 /P)]i/2 m/s 2.3-12 

The velocity coefficient a is about 0.98 for an orifice. 

The continuum gas flow rate when P 0 < 0.53P is 

Q = 4.34Cq AP/ ( Tq ) 1 / 2 m 3 /s 2.3-13 

for A(cm2), P(torr) and T( K). For T = 293*K this reduces to 

Q = 0.253CqAP (m 3 /s) = 15.22 CqAP (m 3 /min). 2.3-14 

This equation normalized with the volumes is depicted in Figure 2.3-36. 
The normalization provides the number of volume changes per unit time, Q/V 
(nw/nw/min) or the time needed for one complete volume change t D = 
V/Q (min) as a function of the purging pressures and sizes of orifice. 
Molecular flow conditions exist when the gas mean free path is about ten 
times the diameter of the orifice. The exit flow velocity for the contin- 
uum flow regime when P 0 < 0.53P is sonic at the orifice and is given by 

v = a[2gyRT/(Y+l)]l/2 - 18.3a(T)l/2 m/s 2.3-15 

where Y = Cp/Cy = 1.4 is the ratio of specific heats for air and a = 
0.98. 
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During the launch phase using a pressure controller, the purging 
pressure should be maintained at about 1 torr higher than the decaying 
external pressure. This will provide a flow out of the volume which will 
provide an obstacle to external contaminants. The flow will be 0.14 
m 3/s with a velocity of 14.6 m/s at the start of the launch phase as 
calculated by Equations 2.3-14 and 2.3-15. 


In orbit the purging pressure will be 1 torr and the bay pressure 
will be less than 0.53 torr. The in-orbit purge pressure must provide a 
sufficiently high pressure to prevent incoming gases and arrest, to a 
large extent, the internal outgassing. Under these conditions the purge 
flow will be 4.2xl0~ 3 m3/s and its exit velocity 309 m/s. This flow 
rate is equivalent to Q - 3.18 x 10 3 /torr sec being emitted in the bay. 


In addition to the above purging techniques, heaters (to prevent 
deposition), cold traps (collecting molecules before they reach sensitive 
surfaces), materials selection, covers, and mission planning are all tech- 
niques which can be used for protection from orbital molecular contamina- 
tion. 
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2. 3. 3. 5 Key Technical Personnel 

Organization 

Phone 

L. J. Leger 

JSC 

(713) 483-2059 

H. K. F. Ehlers (Modeling) 

JSC 

(713) 483-5539 

H. W. Parker (Humidity Monitor and 
Dewpoint Hygrometer) 

MSFC 

(205) 453-0942 

P. N. Peters (Air Sampler) 

MSFC 

(205) 544-7728 

R. C. Linton (OEM and PSA) 

MSFC 

(205) 544-7725 

J. Triolo (CMP) 

GSFC 

(301) 344-8651 

D. McKeown (QCMs) 

Faraday Labs 

(619) 459-2412 

E. R. Miller (IECM) 

MSFC 

(205) 544-7752 

G. R. Carignan (Mass Spectrometer) 

Univ. Michigan 


U. Von Zahn (SPAS) 

Univ. Bonn 

49-228-733235 

L. E. Bareiss (Models/Analyses) 

Martin Marietta (303) 977-8713 
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Section 3— Surface 
Interactions 


SECTION 3 


SURFACE INTERACTIONS 

Features of the Space Shuttle unique from earlier spacecraft de- 
signs have recently brought to light two nearly unanticipated physical 
phenomena occurring at Shuttle altitudes: 1) erosion of materials due to 

reactions with atomic oxygen (the dominant species at Shuttle altitudes); 
and 2) induction of a glowing region near the surfaces of some Shuttle 
materials exposed to the ram environment. Related to the surface glow is 
a prompt enhancement of glow associated with Orbiter thruster firings. 
The structure of the Orbiter PLB, exposing materials to the space environ- 
ment, but protecting them during reentry, has allowed unprecedented obser- 
vation of space environmental effects, including oxidation. The design of 
the PLB to allow complete astronaut observation has allowed greater view- 
ing of surfaces exposed to the ram environment than on most previous 
spacecraft. This, along with the low typical Shuttle orbital altitude 
have resulted in greater awareness of the glow environment. 

The following sections provide information on the current data and 
understanding of oxidation and glow phenomena. 

3.1 MATERIALS OXIDATION/EROSION 


3.1.1 Introduction 

With the first Shuttle flight it became obvious that various mater- 
ials exposed to the environment had undergone changes. Qualitative obser- 
vations showed a loss of surface gloss (in particular Kapton), and an 
apparent "aging" of painted surfaces, as well as film thickness degrada- 
tion; i.e., loss of material (Ref. G-l). To account for the latter, Leger 
suggested that atomic oxygen was reacting with materials (Ref. G-2) . 

Atomic oxygen is the dominant atmospheric species at STS and Space- 
lab altitudes. The orbital velocity of low earth orbit spacecraft 

(8 km/s) corresponds to a collisional energy of 5 eV for oxygen atoms. 

The flux of atoms impacting on a surface is obtained by multiplying the 
number density along the orbital path by the orbital velocity. Direct 

measures of atomic oxygen flux or density have not yet been made in con- 
junction with atomic oxygen effects flight experiments, so number densU 

ties for flux calculations have been obtained from atmospheric models for 
the time period of the experiments. The time integral of oxygen atom flux 
is termed fluence. Leger developed a quantitative factor for reaction 
characterization, the reaction efficiency (R.E.) which is derived by nor- 
malizing the thickness loss induced by the calculated oxygen atom fluence 
to yield R.E. = x cm^/oxygen atom. 

Two major experiments, termed Evaluation of Oxygen Interactions 
with Materials (EOIM) I and II were flown on STS-5 and STS-8. Additional 
data was collected on STS-3, STS-4 and STS-41G. The most sophisticated 
experiment yet developed to evaluate this phenomena (EOIM-III) is cur- 
rently under construction for a future STS flight. 
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3.1.2 Available Oxidation/Erosion Oata 


Table 3.1-1 shows the R.E. results obtained for materials flown on 
575-3, -4, and -5 (Ref. G-3), and Table 3.1-2 shows the results obtained 
in STS-8 (Ref. G-4). Atomic oxygen fluences for the three early flights 
are also shown in Table 3.1-1. The STS-8 fluence was 3.5 x 10^0 atoms/ 
cnr. The similarity of the results is of particular interest. Commer- 
cial material names are shown, Kapton is polyimide. Mylar is polyethylene 
terephthalate, Tedlar is a copolymer of ethylene and tetraf louroethylene 
(TFE), and Teflon is either TFE or flourinated ethylene propylene (FEP). 


Table 3. l-l Atomic Oxygen Reaction Efficiencies (Ref G-3) 


Shuttle 

Flight 

Material 

Thickness, flm 
(a) 

Thickness 
Loss, fl m 

Fluence 

10 20 Atoms/cm 2 

Reaction Efficiency 
10' 24 cm 3 /Atom 
(b) 

STS-3 

Kapton TV Blanket 

12.7 

4.4 

2.16 

2.0 


Kapton, OSS-1 Blanket 

25.4 

5.5 


2.5 

STS-4 

Kapton MLI Blanket 





Witness 

Kapton 

7.6 

1.8 

0.65 

2.8 

Samples 

Kapton 

12.7 

1.6 


2.7 


Kapton 

25.4 

1.7 


2.6 


Mylar 

12.7 

1.8 


2.8 


Teflon FEP 7 TFE 

12.7 

0.07 


0.1 


Al/Teflon FEP 





STS-5 

Kapton 

12.7 

1.50 

1.0 

1.5 

Witness 

Kapton 

25.4 

2.18 


2.2 

Samples 

Kapton 

50.8 

2.79 


2.8 


Kapton, Black 

25.4 

1.35 


1.4 


Mylar 

12.7 

2.16 


2.2 


Mylar 

25.1 

1.83 


1.8 


Mylar 

50.8 

1.50 


1 .5 


Tedlar, Clear 

12.7 

1.30 


1 .3 


Tedlar, White 

25.4 

0.41 


0.4 


Teflon FEP & TFE 

12.7 

0.2 


0.2 


Kapton (Coated) 






DC1-2755 

12.7 (Kapton) 

0.2 


0.2 


T-650 

12.7 (Kapton) 

0.2 


0.2 

la) Not 

j ■ 

e: Film Thicknesses of 12.7, 25.4, and 50.8 /im correspond to 0.5, 1.0 and 2.0 mils, respectively. 

(b) Most probable error is +30 to 40%. 





The dependence of reaction efficiency on temperature is not cur- 
rently clear. No temperature dependence of reaction efficiency was found 
in the range 25°C to 125*C for the experiment reported in reference G-4. 
The experiment of reference G-4A, however, did find a dependence on tem- 
perature. 

The qualitative observation of the "aging" of paints detected on 
STS-1 through -4 were extended on later flights with measurements of quan- 
titative optical changes. The changes in einissivity (ac) and absorptance 
(aa s ) were measured post-flight and are listed in Table 3.1-3 (Ref. G-3, 
G-5, G-6 and G-7). It can be noted that the oxygen inhibitors (silicone 
overcoat, labeled 01) and UV inhibiters (Irganox and Tinuvin) appear to 
have doubtful beneficial effects, and that silicone paints are hardly 
affected (Ref. G-5). The results for Chemglaze Z306 are of particular 
interest. They show a 4.8 percent weight loss whereas Auger spectroscop 
showed a 400-500 percent increase in oxygen content (Ref. G-6). Of th 
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last three entries in the table (conducting paints) only Electrodag 402 
appears to be resistant to the environment at Shuttle altitudes. Note 
that it, too, contains a silicone. 


Table 3.1-2 Recession and Reaction Efficiency for Organic Films on STS-8 (Ref G -4) 


Material 

Thickness, 
fl m 
(MILS) 

Exposed 

Side* 

Surface Recession b |jm 

Reaction 

Efficiency 

10’* 4 cm 3 /atom 


Disc Samples 

Average^ 

EM 

65°C 

Kapton 

12.7 

(0.5) 


9.5 

10.5 

11.1 







11.8 

10.3 




Kapton 

25.4 

(1.01 

Hp.-'.:- 

9.8 

10.7 







]a- 

9.9 

9.0 


103 

3.0 

Kapton 

o 

in 

(2.0) 


11.1 

10.6 







Roll 

11.1 

11.1 




Mylar A 

12.7 

(0.5) 

Air 

12.7 

12.3 

12.7 

12.6 

3.6 

Mylar A 

40.6 

(1.6) 

Air 

12.1 

11.9 


12.0 

3.4 

Mylar 0 

50.8 

(2.0) 

Air 

9.9 

10.2 

1 

10.4 

3.0 




Roll 

11.0 

10.4 

f 


Clear Tedlar 

12.7 

(0.5) 

Air 

10.9 

11.5 


11.2 

3.2 

Polyethylene 

20.3 

(0.8) 

N/A 



IIS 

11.5 

3.3 

Teflon TFE 

12.7 

(0.5) 

Air 



<0.2 

<0.2 

<0.05 

Kapton F 

30.5 

(1.2) 

N/A 

<02 

<0-2 

<0.2 

<0.2 

<0.05 


*R«fars to Manufacturing Procats: "Roll" Sida in Contact with Manufacturing Rolls, “Air" Opposite Side. 
^Corrected for Flux Reduction Due to Non Normoi Impingement (cos 6 ) 
cStrip Samples and Oise Samples 


Table 3.1-3 Oxidation/Erosion “Aging” of Paints on STS-8 


Paint 

A* 

Aa 


Refs 

A-276 Urethane, White 

+0.03 

-0.0007 



A-276 + 5% Ir (Ir - Jrganox) 

+0.02 

+ 0.0007 



A-276 + 5% Ir + 2.5% Ti292 (Ti - Tinuvinl 

+0.02 

+ 0.016 



A-2767 + 5% Ir + 2.5% Ti900 

+0.02 

-0.006 



V-200 Urethane 

+0.02 

+ 0.02 


G-5 

V-200 + 5% Ir + 2.5% Ti292 + 2.55% Ti900 

+0.02 

+ 0.097 



V-200 + 2.5% Ir + 5% Ti292 

+0.02 

+ 0.057 



RTV-615 Silicone + TiO^ 

•0.01 

+ 0.0001 



RTV-615 + Carbon Black 

0 

0 

Resistance Increase x2 per Unit Area 


Urethane + Carbon Black 

+0.06 

+ 0.0053 

Resistance Increase x3 per Unit Area 


Flame Master SI 023 

-0.02 

•0.02 

11.3% Wt Loss; Oxygen Increase 2530% 

G-6 

Chemglaze Z306 

•0.02 

+0.034 

4.8% Wt Loss; Oxygen Increase 400-500% 


401 -CIO (Black) 


+0.005 

Wgt Loss mg/0 Atom 036 x 10’* 1 


Z-853 (Yellow) 


- 0.034 

0.9 x 10** 1 


GSFC (Green) 


•0.002 

No Change 


Z306 (Black) 


+0.028 

lx 10** 1 


Z302 (Glossy Black) 


+0.043 

5.8 x 10-** 

G-7 

Z302 + Ol 650 Overcoat 


•0.001 

No Change 


Z302 + RTV 670 Overcoat 


•0.004 

No Change 


A276 


•0.002 

1 x 10** 1 


A276 + Ol 650 Overcoat 


+0.002 

0.1 x 10’* 1 


Electrodag 402 (Ag/Silicone) 



2% Wt Loss 


Electrodag 106 (Gr/Epoxy) 



68% Wt Loss 

G-3 

Aquadag E (Gr/Binder) 



100% Wt Loss 
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Table 3.1-4 is a compilation of results on various inorganic 
materials (Ref. 6-8, 6-9, 6-10, 6-11 and 6-12). Up refers to out of the 
PLB, while down faces into the bay. The silicones again show high 
resistance, as noted above, to oxidative reactions, and the epoxy 
composites show R.E.s expected from organic materials (Tables 3.1-1 and 
3.1-2). Additional realtime data collected during STS-4 and STS-8 with 
osmium and carbon coated QCMs are discussed in Section 3. 1.5.1. 


1 UlStC J.I 

Flight 


Raf 

STS^S 

ZnS: "Up" Oxidized Mor* Than "Down"; Officiant in Sulfur 

ThF 4 : "Up" Show* Oxidation; ThO^ Rfplact* ThF 4 , Ramaining ThF 4 is Stoichiomatric 

SiO: No Changa 

ITO (InSn Oxida: No Changa 

ln 2 03 (Coated Sacond Surfaca Mirror): No Chang* 

Siioxane Coatad KRS-5: Small Wgt. Loss, Roughanad Surfaca 

GFU-8 (Urethan* Compound: 2.21% Wt Lou " Up", 3 Tima* Mor* Than "Down" 

G-8 

G-9 

STS-8 

ZnS: Bacomat ZnS0 4 , No Chang* in IR Transmission 
ThF 4 : Bacomas Th0 2 , No Changa in IR Transmission 
Silicon* Graasa: Visibly Intact but IR Shows Oxidation 
Apiezon Graasa: Essentially Gone by IR and Inspection 

G-10 


AIMgF 2 : No Changa in Reflectivity over 1216Ato 2200A ^ ^ 

T300/5280 Epoxy Composite: IR Shows Oxidation, Reaction Efficiency * 2.9 x 10^ cm /O Atom 
T3 00/934 Epoxy Composite: IR Shows Oxidation, Reaction Efficiency - 2.5 x 10 - * 4 cm 3 /0 Atom 

G-11 

G-12 


Gr/AI Metal -Matrix Composite: No Wgt. Change 
Gr/Mg Metal -Matrix Composite: Wgt. Increase 0.40% 



On STS-5, evaluations were conducted on Kapton and Mylar films of 
various thicknesses in order to ascertain if thickness was an important 
parameter. Figure 3.1-1 shows that for Kapton the oxidation/erosion 
reaction increases with thickness, while Mylar shows the opposite effect. 
The apparent differences with thickness may be due to surface density 
variations associated with the manufacturing process (Ref. 6-13). 

An experiment on STS-8 was directed toward the mechanism of 
erosion. Electrically biased grids near the surface of an osmium film 
showed the erosion to be unaffected by the imposed bias voltage. It was 
thus concluded that the erosion was caused by atoms and not ions (Ref. 
6-4). 
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Spfcimofi Thicknts*, (Xm 

Figure 3.1-1 Erosion Versus Specimen Film Thickness, STS-5 (Ref G-l 3) 


An investigation of the impingement angle of oxygen atoms on the 
oxidation/erosion of organic films was carried out on STS-8. Eleven spe- 
cimens of Kapton (thickness 12.7 and 50.8 u m) and Mylar (thickness 12.7 
and 40.6 ym) were inclined and positioned 42 degrees off the velocity vec- 
tor axis and were exposed to only 74 percent of the normal impingement 
flux. The ratio of the combined recession data to that of normal impinge- 
ment was 0.65 ± 0.03 rather than the expected 0.74 if the recession were 
due to a simple reduction in flux. Figure 3.1-2 shows the data fit to 
(cos o) is - is a better function than cos o (Ref. G-4). 



Figure 3.1-2 

Surface Recession (Corrected for Flux Reduction) as a 
Function of Impingement Angle (Ref G-4) 
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The tensile strength of Kevlar 29 rope, a potential tether material 
for the Tethered Satellite, was examined on STS-8 and the results are 
shown in Table 3.1-5. As before, a coating of silicone appears to protect 
against deleterious effects of the oxidation/erosion environment (Ref. 
6 - 11 ) . 

Table 3.1-5 

Oxidation/Erosion of Tensile Strength, STS-8 (Ref G-ll) 


Material 

Tansila (lbs) 

Aftar T/V Baka 
+ Raabs H 2 0 # 

Aftar Flight 
+ Raabs H 2 0 

Kavlar 29 Bara 

Kavlar 29 Coatad with DC1-2577 
- Kavlar 29 with Jackats Ramovad 

696 ± 17 
700 ± 20 
667 ± 24 

590 ± 15 
677 ± 24 
671 ± 15 

*T/V * Thar mil Vacuum, Raabs “ Raabsorption 


A variety of elemental materials have been flown on Shuttle and the 
effect of the oxidation/erosion environment on various properties were 
investigated. The results are summarized in Table 3.1-6 (Ref. G-2, G-8, 
G-9, G-10, G-ll, G-14, G-15, G-16, G-17 and G-18) . Differences in obser- 
vations with progressive flights are most likely due to increased sophis- 
tication used in the analysis of the results. For those materials (Ni, 
Ag) that showed a thicker oxide in the “down" compared with the “up" 
direction. 

The general observations have been summarized as (Ref. G— 19) : 

"1. Materials containing carbon (C), hydrogen (H), oxygen (0), 
and nitrogen (N) have high reaction rates in the range of 2.5 x 
10~ 24 to 3.0 x 10 -24 cm 3 / atom. 

2. Perf luorinated and silicone polymers are more stable than 
the organics by at least a factor of 50. 

3. The reaction rates for filled organic materials are depen- 
dent on the oxidative stability of the fillers. For example, 
materials filled with metal oxides have lower reaction rates 
than those filled with carbon. 

4. From a macroscopic standpoint, metals, except for osmium 
and silver, are stable. Metals such as copper do form oxide 
layers, but at lower rates than for osmium and silver." 
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Table 3.1-6 Oxidation/Erosion of Elemental Materials 


Ref 

G -2 
G 14 

00 Cft 

O O 

U) V- to o ^ 00 

r *7 *7 <7 F- 

o o o o ti 6 

O 



Oxidation 
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£ 
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Change 
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1200 A 

Increase 1200 - 

2000A 

3 

< 

No Effect 
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Reflectance- 
Decrease 
600 - 
2000 A' 
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< 

2200A 

Completely 

Oxidized 

0 

1 

X 

O 

Oxidized 

Oxidized 
and Flaked 

Oxidation 

and 

Sputtering 

Z 


Significant 
Decrease in 
Bi-Directional 
Reflectance 
Oxidation 

Negligible Wt 
Change 

< 


Small Increase 
in Directional- 
Hemisphere 
Scatter 

Anodized— No 
Change in 
Optical 
Properties 

Oxidation 
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So'J>! 
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6 

1- 

S| 
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oCS? 

|I« 
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«i!i 

<551 

Oxidation Not 
Affected by Bias 
Grids 

300 A Completely 
Removed 

O 

1 , 

AC ® 

§So 

« a 1 m 

ij2i 


> 

• 

5 

X E 

* 3 -g 
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The Solar Maximum Recovery Mission (SMRM) has provided additional 
new data from long term space exposure. Fifty months in space at 310 nau- 
tical miles orbit has produced different effects on Kapton depending on 
its location in the experiments (Ref. G-20) . No estimate of the oxygen 
atom fluence for the Solar Maximum exposure has been reported. The Power 
Supply Unit (PSU) fuse box cover lost 31.4 percent of its mass from its 
front surface and 3.51 percent from its rear surface. The Ground Support 
Equipment (GSE) test connector cover lost 7.4 percent and 0.54 percent 
from its front and rear surfaces, respectively. The lower weight loss for 
the rear cover in both instances has been attributed to shielding differ- 
ently from direct impingment of reactive constituents. 

Silver/Teflon films with Inconel overcoating the silver underwent 
drastic changes on the Solar Maximum satellite (Ref. G-20). Scanning 
electron microscopy (SEM) showed cracks in the Inconel and it was sug- 
gested that Ag 20 and Ag 202 may have formed causing the degradation. 
Tensile tests of exposed samples showed the expected degradation of 
strength as a result of the loss of the metallic film. The results are 
compiled in Table 3.1-7 where the half/half specimen refers to a specimen 
cut 90* to the black specimen. 


Table 3.1-7 

Strengths of Eroded Ag/Teflon Film 


Simple 

Max Load 

Elongation 

1. Shiny (Least Eroded) 

1.7 lb 

125% 

2. Half/Half 

1.1 lb 

50% 

3. Black (Most Eroded) 

1.1 lb 

Zero 


Tensile testing of unexposed silver/Teflon samples show that elon- 
gation is much greater than for the space-exposed film, even through the 
breaking loads are similar. Specimens were cut from an elongated piece of 
film, three in the "long" dimension and three more at 90 to that first 
direction, in order to emphasize any directionality. The average breaking 
load of the "long" dimension was 1.73 lb and the elongation was 210 per- 
cent; the breaking load for the samples in the 90* dimension averaged 1.75 
lb and the elongation was 225 percent (Ref. G-20). 

Samples of thick Teflon tape (5 mil) coated with 1500 A of silver 
and 100 A of Inconel were returned from SMRM and tested for tensile modu- 
lus (Ref. G— 2 1 ) . The preliminary results are given in Table 3.1-8. 


Tensile Modulus of Exposed Metalized Teflon 


Sample 

Exposure Conditions 

Tensile Modulus 

Appearance 

1 

2 

3 

High O atom. High UV 
Medium O atom. No UV 
High O atom. No UV 

30% Decrease 
15% Decrease 
15% Decrease 

Yellow 

Slightly Yellow 
Slightly Yellow 
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Teflon samples coated on the back side with Inconel protected sil- 
ver under high magnification SEM showed near total silver reaction, flak- 
ing, and subsequent erosion of the underlying Teflon itself (Ref.’G-22). 
A Kapton sample showed the pattern of a deliberate ethyl alcohol wipe pre- 
sumably performed prior to launch. 

While the mechanism of the Inconel/si lver/Tef Ion film degradation 
has not been completely elucidated, many important features of the process 
have been identified. The transparent material has a cracked mosaic-like 
surface structure which can be attributed to thermal effects. Unexpec- 
tedly, only trace quantities of oxygen are observed on the surface. A 
reaction product composed primarily of silver, carbon, fluorine and chlo- 
rine is observed protruding from the cracks. This material is easily 
detached leaving the underlying regions exposed. During oxygen exposure, 
most of the Inconel layer and much of the silver layer are removed. In 
addition, Secondary Ion Mass Spectrometry (SIMS) and X-ray Photoelectron 
Spectroscopy (XPS) analyses indicate that a Teflon reaction has taken 
place. Fluorine is liberated resulting in a fluorine depleted Teflon sur- 
face. While this reaction is not fully understood, it is likely that sil- 
ver in the presence of atomic oxygen catalyzed the breakdown of the Tef- 
lon. (Ref G-23) . 

Aluminized Kapton and silvered Teflon were tested on the SMRM where 
samples were exposed to atomic oxygen and UV simultaneously and to atomic 
oxygen only (Ref. G— 24) . The aluminized Kapton had been wiped with an 
alcohol based solvent prior to launch. For specimens exposed simultane- 
ously to UV and atomic oxygen the surface (as shown by SEM) showed more 
damage in the "wiped" areas when compared to adjacent "non-wiped" areas. 
Microscopic tracks were also observed which on detailed examination showed 
sub-micron sized craters and holes in the tracks. Samples exposed only to 
atomic oxygen had surface morphologies si mil ar to those exposed to atomic 
oxygen and a limited amount of UV. However, the latter" had "much larger 
features. The variation of atomic oxygen impingement angle and UV expo- 
sure are suggested as creating this difference. 

For silvered Teflon exposed to atomic oxygen and UV, the Teflon 
side showed "cone" formations of Teflon degradation in direct contrast to 
previous exposure experiments on Shuttle which showed Teflon to be ex- 
tremely stable. The specimens which were exposed in the velocity vector 
of atomic oxygen with no UV exposure had a surface roughness compared to 
unexposed Teflon but the damage is insignificant when compared to speci- 
mens exposed simultaneously to UV and atomic oxygen. It thus becomes 
important to understand synergistic effects of the entire space environ- 
ment, including temperature, atomic oxygen, and radiation (low earth or- 
bit, solar UV and particulate, and cosmic) (Ref. G-24). 

Additional oxidation data of interest was collected on STS-41G 
(Ref. G— 2 5 ) . In addition to the protection data of Section 3.1.6, signi- 
ficant Kapton and composite material results were collected. In the case 
of Kapton, samples manufactured in circa 1969 were found to exhibit signi- 
ficantly higher resistance to oxidation than samples manufactured in circa 
1984. Chemical analyses indicated only minor compositional differences in 
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the samples. A more significant identified difference is a heat treating 
process for surface passivation and surface tension relief discontinued by 
the manufacturer in the late 1960s. How this or other differences could 
offer resistance to atomic oxygen warrants further investigation. Carbon- 
epoxy samples revealed a reaction efficiency of approximately 2 x 10"^ 
cm 3 / atom for the epoxy matrix. Once exposed, the graphite fibers also 
showed high susceptibility to oxidation. STS-41G fluence was approxi- 
mately 3 x 10 20 atoms/cm 2 . 

3.1.3 Additional Oxidation/Erosion Data 


3. 1.3.1 Unpublished Oxidation/Erosion Data 

No unpublished data is currently identified, although not all the 
samples and experiments flown on EOIM-I and EOIM-II have been reported in 
the open literature. 

3. 1.3. 2 Needed Oxidation/Erosion Data 

The recession rates (or reaction efficiencies, R.E.) to date have 
used models of the atmosphere (Section 4.0) for the fluence calculations. 
This can lead to errors ranging from ±25 percent to factors of 2 (Ref. 
G-26). Therefore, it is necessary to measure the ambient density in orbit 
concurrently with erosion effects in order to systematically examine the 
parameters affecting the mechanisms of erosion. A mass spectrometer sys- 
tem to look at the ram ambient environment and then to examine the species 
evolving from surfaces of various materials is required. 

3. 1.3. 3 Planned Experiments 


An instrument designed to collect the above required data is in the 
late planning stages and was to be flown in late 1986 or early 1987 (Ref. 
G-26). The extent of launch slippage due to the STS-51L accident is un- 
known at the time this Handbook edition is being prepared. An AFGL mass 
spectrometer will be used to examine the ram ambient environment and the 
environment near samples on exposure trays. The instrument is called 
Evaluation of Oxygen Interaction with Materials (EOIM) III. The instru- 
ment is shown in Figure 3.1-3 (Ref. G-27) 

In addition, the current data base is quantitative at best. An 
ideal data base would include information on oxidation effects such as 
changes in solar absorptivity, emissivity, transmissivity, reflectivity 
(including specularity changes), resistivity, strength, and any other par- 
ameters that could be effected by chemical reaction with oxygen. An ideal 
data base would also include information on how variables such as flux 
level, incidence angle, and temperature effect reaction rates, as well as 
how other parameters such as radiation and vacuum exposure change the 
rates. Finally, the above information in an ideal data base would be 
included for the entire inventory of materials currently in iise or pro- 
posed for use on spacecraft. The extent of the data needed implies that 
ground simulators of the space environment will be necessary to obtain a 
complete data base. 
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3.1.4 Ground Oxidation/Erosion Simulation 

A laboratory study of the rate of reaction of solid carbon with 
atomic oxygen atoms, using an ion beam impacting at energies near 1 eV, 
has been measured at carbon surface temperatures of 300-400K (Ref- G-28). 
The targets were amorphous carbon films approximately 300A thick deposited 
on fused silica disks. The reaction was monitored in situ by measuring 
the changes in absorptance, and hence, thickness of the carbon film as a 
function of 0 atom beam exposure time. Figure 3.1-4 shows an Arrhenius 
□lot of the results. Data from two flight experiments (Ref. G-4 and G-13) 
and another laboratory experiment (Ref. G-29), are also included. The 
line labeled "Park" is the equation 

P =0.63 e- 116 °/ T 


which Park used .to describe the results of six different investigations of 
the oxidation of various graphitic materials for surface temperatures ran- 
ging from 300-4000K (Ref. G-30). The data of Reference G-28 produces the 
equation 

P = 4.2 e - 1800/T 


where P is defined as a reaction probability. This equation implies an 
activation energy of 15 kj/mole (3.6 kcal/mole) in reasonably good agree- 
ment with Park's value of 10 kJ/mole (2.4 kcal/mole). 

It should be noted that these activation energies are surprisingly 
small when compared to the usual activation energies for ordinary chemical 
reactions and/or desorption activation energies for various gases or 
metals (Ref. G— 31) . 


The same experimenters have studied the rate of removal of Kapton 
with impacting oxygen atoms at 1 eV (Ref. G-32). The samples were disks 
of 5 mil thick Kapton, 0.9 inch in diameter. The experimental results 
demonstrate that the rate of removal of Kapton in LEO can be approximated 
in the laboratory. Table 3.1-9 presents a comparison of the laboratory 
results with the results from STS-5 and STS-8. The results suggest that 
there is not a great dependence on the oxygen atom translational energy 
and the reaction rate, although this conclusion requires much furt ^ 
investigation with this and other materials prior to acceptance (see also 
Ref. G-4). 

Table 3.1-9 , 

Comparison of Laboratory and Flight Measurements of the Average Probabilities 
for toe Reaction of Atomic Oxygen with Kapton 


Kapton 

Reaction Efficie 
10** 4 em 3 /0 Al 

ncy 

tom 


Ttmparatura, 

K 

Ground Tact 
(Raf G-32) 

STS-6 (Raf G-S) 

STS-8 (Raf G-16) 

300 

2.1 ±1.1 
1.7 ±0.9 

2.3 ± 0.9 

- 

338 

1.4 ±0.9 

2.0 ±0.8 

3.0 ± 1 2 

393 

1.5 ±0.9 

2.1 ±0.9 

2.9 ±1 2 
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Legend: 

▲ Vitreous, STS-5 (Ref G-4) 

A Vitreous, Laboratory (Ref G-13) 

• Amorphous, GSFC STS-8 (Ref G35) 
O Amorphous, Ground Test (Ref G-10) 


MSFC 
STS -4 


10* 3 L 
2.0 


3.0 


1 


1000/ Temperature, K 


\ 




1 
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Figure 3. 1-4 Arrhenius Plot of the Reaction Probability of the 0 + Carbon Reaction (Ref G-10) 


The results of an early laboratory study of reactions of atomic 
oxygen with various polymers are shown in Table 3.1-10 (Ref. G-33). The 
study was carried out by placing polymer specimens on glass slides in the 
sample chambers of a Tracer Ub low temperature asher Model 500A. The 
sample temperatures were < 40*. The oxygen atom concentration was on the 
order of 10 i4 to 10 15 atoms/cm’ at a pressure of 1 torr, and the 
flow of oxygen was about 4 cm3 (STP)/min. As with flight experiments, 
polyimide is one of the least reactive materials listed in the table. The 
flourinated materials, which can be considered as the analog to the flight 
silicones, are the least reactive, verifying the inhibition of silicone 
coatings to atomic oxygen reaction as observed on Shuttle experiments. 

Similar tests were conducted on a proposed Shuttle space suit ma- 
terial officially named ST11G041-01, Shell TMG two-layer plain weave "or- 
thofabric", by exposing it to an asher discharge (Ref. G-34). The mater- 
ial is constructed of polymeric yarns of Nomex and Kevlar-29. The asher 
(SPI Plasma Prep II) provided atomic oxygen ions under a 13.6 MHz micro- 
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wave discharge. Air pressure in the asher during tests was about 140 um. 
There were no diagnostics available to measure either plasma density or 
ion temperatures, nor to know whether the density and temperature fluctu- 
ated during a test run. The fabric was exposed to this simulated environ- 
ment for about 17 hrs and the mass loss was determined. The mass loss 
rates were then scaled to reflect the ionosphere at about 220 km. The 
results of the study predicted the mass loss in the ionosphere to be about 
66 .percent of the original fabric mass/year, assuming a flux of 7.44 x 
10 2 wcm2 yr. Caution must be used in applying asher generated test 

data due to the facts that: 1) the 5 eV orbital atomic oxygen energy is 

not simulated (simulation energy is actually 1 to several hundred eV); 2) 
flux is not simulated; 3) the flux is contaminated with O 2 , °2> 

0 + , and possibly other species; and 4) the flux is not unidirectional. 
In addition, extrapolating flight predictions from asher results is valid 
only if the material being tested and the flight tested material used for 
scaling both have the same correspondence between flight and asher re- 
sponse. The only valid application of asher tests may be in direct com- 
parisons of relative effects on materials. The applicability of asher 
tests to quantitative analysis or accurate design support in predicting 
materials lifetimes has not been demonstrated. 


Table 3.1-10 Atomic Oxygen Reaction with Polymers (Ref G-32) 


Type of Polymer 


g x 10 /4.84 cm /min 


Low Density Polyethylene 

Irradiated Low Density Polyethylene (1 Mrad) 

Irradiated Low Density Polyethylene (10 Mrad) 
Irradiated Low Density Polyethylene (105 Mrad) 
Chemically Crosslinked Low Density Polyethylene 
Low Molecular Weight Highly Branched Polyethylene 
High Density Ethylene-Butene Copolymer 
Polypropylene 
Polybutene-1 

Chlorinated High Density Polyethylene 

Chlorinated Polyethylene Plus 10% Polysulfide Polymer 

Natural Rubber 

Natural Rubber-Sulfur Raw Stock 
Natural Rubber-Sulfur Vulcanizate 
Natural Rubber-Peroxide Raw Stock 
Natural Rubber -Peroxide Cured 
Commercial Hard Rubber 
Vulcanized Ethylene-Propylene Rubber 
Polystyrene 

Poly-3-Phenyl-1 -Propene 

Poly-4-Phenyl-l -Butene 

Polyviny leneclo hexane 

ABS Polymers, Several Types 

Unplasticized Polyvinyl Chloride Copolymer 

Polyvinyl Fluoride 

Polytetrafluoroethylene 

Perfluorinated Ethylene-Propylene Copolymer 

Polymethyl Methacrylate 

Polyimide 

Polycarbonate 

Polyethylene Terephthalate 

Nylon Q 

Nylon 810 

Formaldehyde Polymers 

Polysulfide (Chloroethyl Formal Disulfide) 

Cellulose Acetate 


2.48 

2.77 

3.41 

4.12 

3.31 

3.26 
3.09 

3.45 
3.56 
5.00 
2.90 
3.39 
1.20 
0.16 
2.99 
1.67 

2.71 
0.20 

1.26 
1.43 

1.67 
2.28 

2.68 

4.71 
2.54 
0.62 
0.44 
2.14 
1.19 
2.59 
1.82 
2.77 
3.24 

5.77-7.85 

19.45 
5.0 
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Several other groups, including JPl, Physical Sciences, Inc. (PSI), 
Martin Marietta, and Los Alamos National Laboratory (LANL), are preparing 
to undertake laboratory studies of oxygen impingement on Shuttle materi- 
als. Details of some of these experiments can be found in Ref. G— 35 . 
Additional work is ongoing at Martin Marietta to develop a neutral atomic 
oxygen beam facility for MSFC (Ref. G-36). 

3.1.5 Oxidation/Erosion Models 


3. 1.5.1 Oxidation Mechanism Models 


An insight into the reaction efficiency (R.E.) as defined by Leger 
(Ref. G-2) can be obtained by considering the oxidation/erosion of films 
of carbon and osmium that were flown on STS-4 and STS-8. 

On STS-8, a coated TCQM was used to measure the quantitative oxida- 
tion/erosion of carbon and osmium films (Ref. G-18). For the carbon a 
2500 a layer of carbon was deposited on the TQCM, and the osmium film was 

300A thick. Figure 3.1-5 shows a linear loss (i.e., constant with time) 

for the carbon film (Ref. G-18). Figure 3.1-6 shows the loss of the osmi- 
um film (Ref. G-18). In contrast with carbon, the osmium loss appears to 
take place in two steps, neither of which are linear with time. Data ex- 
tracted from Figure 3.1-6 is presented in Figure 3.1-7 showing an exponen- 
tial removal for both steps. 

The kinetics of heterogeneous reactions (Ref. G-37) may be used to 
discuss such results. In a system consisting of a solid surface and a gas 
striking it, as a general rule, the latter will "condense" for a period of 
time. Then, as a result of thermal agitation, "evaporation" will take 

place from time to time. If a is the fraction of the gas which adheres, 
then a U is the number which "condense" on each cm. 2 of available surface 
per second, where y is the number striking one cm 2 per second. If o is 

the fraction of the total surface covered with gas at any instant, then 

1-© is the fraction of uncovered surface. Assuming that only a single 

layer of gas can form on the surface, the rate of condensation will be 

( l-o ) ay per cm 2 per second. The rate of "evaporation" will be propor- 

tional to the area covered, o, so that it may be represented by vo where v 
is a constant for the gas-surface system. When the rates of condensation 
and evaporation are equal: 

(l-O)oy = ve 3.1-1 

O = ay /(ay + v) . 3.1-2 
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Figure 3.1-5 

STS-8 Atomic Oxygen Monitor TQCM 2: 


Minion Elapsad Tima, Days 

Carbon Coated (Facing Out of Bay) (RefG-18) 
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Figure 3.1-6 Mission Etapnd Tima, Days 

STS-8 Atomic Oxygen Monitor TQCM 4: Osmium Coated (Facing Out of Bay) ( RefG-18 ) 
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TQCM Frequency, kHz 



Figure 3.1-7 Kinetics Analysis of TQCM Data of Figure 3.1-6 


In general, if reaction is followed immediately by evaporation of 
products, the rate of reaction is given by: 

dx/dt • vi© m 3.1-3 

where determines the rate of evaporation of the products and o is a 
measure of the surface concentration of the reacting molecules. In the 


simplest case, m (the power of 9 ) is equal to unity so that: 


3.1-4 


3.1-5 


dx/dt = vje. 

Substituting the value of e from Equation 3.1-2: 
dx/dt = Iqu/k 2 u + 1 

where lq and Iq are constants proportional to via/v and a/v resoec- 
tively with the assumption made above that only one qas molecule (or 

’ s ’r» ,Vea : eact10n - ^ process isunimolecolar, but exa- 
, . oF Equation 3.1-5 shows that it is not a simple "first order" 

ine nf Ca thp kinet l CS terminolo 9y) ° r the 1st power in the concentration of 
one of the reacting components (i.e., m = 1 in Equation 3.1-3). When the 

becomes dx/dt ^ronsTant^^ covered (i * e ” then Equation 3.1-3 

w Hi InnlnonH T 4 (S1nCe vl 1S 3 const ant), the rate of reaction 
"zero nrHpr« n o concentration, and the process is kinetically of 

f e (i-C-, m _ 0 in Equation 3.1-3). This appears to be the case 

r carbon loss in this approximation of heterogeneous kinetics. 

If the surface is sparsely covered (i.e., a 
tion is rapid (i.e., v is larqe), 9 will be small 
ty; then Equation 3.1-1 becomes an = and 
gives: 
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is small), but evapora- 
in comparison with uni- 
combination with Equation 


dx/dt = k' u = k. 
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f .. TI !j US 3 ^ im ? le ,cular heterogeneous reaction becomes kinetically of 

,r der V Che ™ a Reactions of the first order behave with time as 

deHihii *L 9 - ure 3 ‘ 1_6 i and 11 appears that the loss of osmium can be 
described in this manner for both steps of the reaction (Figure 3.1-6). 

i 1 o . When the sur face is almost completely covered (e— >1), Equation 
J.I-2 becomes ay = au+\>, and Equation 3.1-5 simplifies to: 

dx/dt = kiu/(k 2 w + l) = (\qay ) /(ay + v) = vj_ 

= constant = k 3.1-7 

since \q, is constant, and the reaction is kinetically of "zero order" 
(linear in time). The rate constant (k) for atom loss has units of atoms/ 


Just as a unimolecular reaction becomes of zero order when one of 
the products is firmly held on the surface, so a bimolecular process (1st 
power in each of the components or 2nd power in one of them) may, for the 
same reason prove to be kinetically of the first order. Without question 
5 h f r . lo |f is more complex than the carbon loss (compare Fiqures 

nf 3 '}~ 6) \J he analysis of Fi 9 ure 3.1-7 shows it to be kinetically 

of first order; this, however, does not preclude a bimolecular reaction 

lLni h f H 1 !™ , 1S rem °ved by chemical reaction with oxyqen atoms and not 
simple sputtering (erosion) and leaves as OsO, the discussion indicates 
that evaporation is rapid (and the surface is sparsely covered with the 
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product). If it leaves as OsO?, then the product is rather firmly held, 
and the bimolecular process (two oxygen atoms) appears kinetically as 
first order. 

Figure 3.1-5 shows the carbon loss in flight to be linear for over 
90 percent of the film thickness, i.e. between points A and B. Thus, the 
oxidation is "zero order" kinetically. From the above simplifications of 
Equation 3.1-5 it would appear that the reaction is described by Equation 
3.1-7. However, this requires the surface to be almost completely covered 
with the reacting molecules. Almost certainly the surface is sparsely 
covered, since the product of reaction is expected to be CO which has a 
very high vapor pressure. Sparsely covered surfaces are described by 
Equation 3.1-6 which is for a "first order" reaction in contrast to the 
observed zero order. In the space environment, however, the collision 

frequency of oxygen atoms with the surface is constant and the right-hand 

side of Equation 3.1-6, therefore, becomes constant. Thus, in space, the 
first order reaction with sparsely covered surfaces is reduced to a zero 
order because of the constancy of the collision frequency. 

To account for thickness loss of materials, Leger defined the Reac- 
tion Efficiency (Ref. G-2). Implicit in the definition is the assumption 
of zero order kinetics since it defines the thickness loss as linear in 
time (since the fluence contains time) or a thickness/A time = constant. 
Clearly for films where the thickness loss is complete, such as for carbon 
and osmium, the Leger R.E. can be in error. For example, on STS-8 the 
fluence is determined as 3.5 x 10 20 oxygen atoms/cm 2 from the 41 hours 
(1.5 x 10-* secs) in the RAM direction but the carbon was lost in only 3 
x 10 4 sec (between points A and 8 in Figure 3.1-5) and the osmium in 
10.1 x 10 4 sec (between points A and B in Figure 3.1-6). The Leger R.E. 
for carbon is therefore calculated as 2500 A film thickness loss/3.5 x 
1 0 20 s o.71 x 10-25 cm^/atom and for osmium it is 300 A / 3.5 x 

10 20 = .086 x 10 -25 cm 3 /atom. When corrected for the actual time, 

i.e. 1.5 x 10 5 /3 x 10 4 , the carbon reaction efficiency becomes some 5 
times larger, and for osmium it is 1.5 times larger. 

It should be noted that even this is not totally accurate for osmi- 
um since the osmium kinetics are not zero order but rather first order for 
both steps in the loss (see Figure 3.1-7). 

The rate constant for the zero order kinetics of carbon is easily 
obtained. The area of the 2500 A thick sample was 5.06 cm 2 for a total 
volume of carbon 12.65 x 10 -i> cm 3 . From the density of graphite 
(2.267 g/cm 3 ) and the molar volume = 5.3 cm 3 , the total number of car- 
bon atoms lost is (12.65 x 10” b /V m ) 6.02 x 10^ 3 = 14 x 10 ia atoms. 
Thus*. the rate constant, k, becomes 14 x 10 iS atoms/3 x 10 4 sec = 4.4 
x 10™ carbon atoms/sec. The number of oxygen atoms required to remove 
a carbon atom is given by: flux/rate constant = 2.32 x 10 J -- 5 /4.4 x 

10 14 = 5.2. 
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Alternatively, a reaction probability, P, can be defined as P = 
R.E. x (area of loss)/volume of carbon atom = 0.207 and then 1/P = 4.8, in 
good agreement with that obtained from the rate constant. This is,’ of 
course* essentially equal to: correct fluence/number of carbon atoms =35 
x lO 217 (3 x 10 7 1.5 x 10 5 ) = 7 x 10 79 /1. 4 x 10 79 = 5. The lat- 
ter is the simplest method for determining an efficiency defined as the 
number of oxygen atoms required to remove one carbon atom. 


For the osmium loss there appears to be two separate first order 
reactions (see Figure 3.1-6). The rate constants may be calculated from 
the half life, t ]/ 2 , for each reaction. In the first step, half of the 
thickness (41kHz/2) is lost in 3.8 x 10^ seconds so that the rate con- 
stant is k = In 2/ 1 1 /2 = 1.8 x 10“5/sec. For the second step, half of 
the remaining 62 A (18.5kHz/2) is lost in 4.3 x 10^ sec so that k = 1.6 
x 10 / sec. (The closeness of those values may indicate some malfunc- 
tion of the quartz microbalance for a time, near day 4 (Figure 3.1-5), 
with subsequent recovery.) 


The first order kinetic equation (Equation 3.1-6) can be written 
for the loss of osmium as 


dx/dt = k(a 0 -x) 


3.1-8 


where a 0 is the original amount of osmium and x is the amount lost so 
that a 0 -x is the amount remaining at time t. Equation 3.1-8 can be 
integrated to yield 


a 0 -x = a 0 e(~ kt ) 3.1.-9 
or (a 0 -x)/a 0 = e( -kt ) = fraction remaining 3.1-10 
so that l-e(~ kt ) = fraction lost at time t. 3.1-11 


For example, to calculate the time to 99 percent loss for the first reac- 
tion (Figure 3.1-5) 

l_e( - l*8 X 10 t) _ ygy 
-1.8 x 10 -5 t = -4.61 

or t = 4.61/1.8 x 10~ 5 = 2.56 x 10 5 sec. 

For the second reaction the time to 99 percent loss of the remain- 
ing 62 A of film is 

-1.6xl0~^t = -4.61 

or t = 4.61/1.6 x 10~ 5 = 2.88 x 1G 5 sec. 
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If there were no malfunction of the quartz crystal microbal ance 
during loss of the osmium, then the reaction efficiency could be instruc- 
tive. For the first step (Figure 3.1-6), the correct fluence = (flux) x 
(time) = 2.33 x 10^)(2.56 x 10 5 ) = 6 x 10 20 oxygen atoms/ cm J. 
from the film thickness loss of 238 A and the volume of the osmium atom (r 
- 1 34 A) , the total number of osmium atoms lost is calculated as 8.7 x 
10 17 . Therefore > 6 x 10 20 /8.7 x 10 17 = 690 oxygen atoms are re- 
quired to remove one osmium atom. In the second step 2.88 x 10 sec are 
required to remove the final 62 A of film. The fluence is calculated as 
6 7 x 1020 oxygen atoms/ cm 2 , and the totaJ number of osmium atoms 
removed is 3 x H)l 7 , so 6.7 x 10 20 /3 x 10 17 = 2233 oxygen atoms are 
required to remove one osmium atom. From the ratio 2 2 3 3 / 6 90 = 3.2 it may 
be assumed that three times as many oxygen atoms are required in the se- 
cond step compared to the first step. If it is assumed that in the first 
step the osmium is lost as OsO, then the osmium loss in the second step 
probably involves OSO3. The reason for the change in the chemistry (if 
real) is unclear. 

Figure 3.1-8 shows laboratory results of the effects of atomic oxy- 
qen on various polymers (Ref. G-33). The figure shows the reactions to be 
linear in time (i.e., zero order). Thus, the implicit assumption of zero 
order kinetics in the Leger R.E. appears to be justified. Table 3.1-10 
from the same study shows weight loss/cm 2 sec for a variety of polymers. 
In the study the oxygen atom concentrations were not quantitatively mea- 
sured but were estimated to be in the range 10 14 to 10 ib atoms/cm , 
at a pressure of 1 torr flowing over the sample at 4 cm^/min. Flowing 
of the gas ensures the collision frequency to remain essentially constant 
as in the space environment. From the table the values of polyimide and 
polyethylene terephthalate may be compared with the flight specimens Kap- 
ton and Mylar listed in Tables 3.1-1 and 3.1-2. 

The total collision frequency, v, for the laboratory studies may be 
calculated as (Ref. G-37): 

v = (3.5 x 10 22 /(MT) 1 / 2 )P mm = 2.5 x 10 2u collisions/cm 2 sec 

where P = 1 torr, T = 300 K, and M = 32 since the oxygen is predominantly 
as molecules. The number of collisions of oxygen atoms (10 1 /cm J ) may 
be estimated from the number of total molecules at 1 atm at 300 K which is 
about 2.4xl0 19 /cm 3 then: 

1 x 10^/2. 4 x 10 19 = 4.1 x 10" 6 atm x 760 mm/atm = 3.1 x 10 -3 mm 


and the collision frequency for the oxygen atoms becomes: 

(2.5 x 10 20 ) ( 3 . 1 x 10" 3 ) = 7.8 x 10 17 collisions/cm 2 sec. 


10" 7 

atom. 

atom. 



loss is 4.1 x 
10- 24 g/oxygen 
10 -24 g/oxygen 
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Notes; 

1. Polysulfide polymer. 

2. Formaldehyde polymer. 

3. Polypropylene. 

4. Low-density polyethylene. 

5. Polyethylene glycol terephthalate 

6. Polystyrene. 

7. Polytetraflouro ethylene. 

8. Sulfur-vulcanized natural rubber. 


FigUre 31 ' 8 Relative E ffects of Atomic Oxygen on a Variety of Polymers 


Tables 3.1-1 and 3.1-2 show the flight R.E. for Kapton to range 
from (2-3) x 1CK^ cnv/oxygen atom (taking the density of Kapton to be 
1.4 g/cmJ), this is equivalent to (2. 8-4. 2) x 10-24 q/oxygen atom. 
For Mylar the R.E. ranges from (1.5-3. 6) x IQ- 24 g/oxygen atom. The 
flight results for Kapton are about a factor of 4-6 greater than observed 
in the laboratory tests and about 2.5-6 times greater for Mylar. If the 
actual oxygen atom concentration was somewhat less than the estimated 
lO^/cnH in the laboratory tests, the. agreement would be excellent. 
It appears that laboratory studies can give representative results (if the 
fluence in flight and concentration of oxygen atoms in the laboratory are 
known accurately), although the concerns discussed in Section 3.1.4 still 
apply. 


It should be noted that the reaction efficiency gives essentially 
one point in time from which kinetics cannot be predicted. It is be- 
lieved, however, that materials will undergo materials loss with "zero 
order" kinetics, i.e. linear in time. This is based upon the fact that no 
temperature effect was found in space exposed samples (Ref. G-4) and the 
results depicted in Figure 3.1-8 (Ref. G-33) where it can be noted that 
indeed weight loss is linear in time, albeit the time is much too short to 
be definitive. These results do, however, give veracity to the R.E. re- 
sults listed in Table 3.1-1. Zero order kinetics are qiven by the eaua- 
tion: 

dx/dt = k 3.1-6 
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where x is the weight loss (or surface recession of R.E.), t is time, and 
k is a constant. The constant k may be taken as the R.E. for a particular 
polymer. With the altitude of the spacecraft and a model atmosphere (see 
Section 4), the atomic oxygen fluence can be determined and a simple inte- 
gration with time will give the weight (or thickness) loss for any given 
time. 


The second, third and fourth entries of Table 3.1-10 are of parti- 
cular importance for the space environment. It can be seen that polyethy- 
lene oxidation is enhanced by electron irradiation (energy not specified). 
The results have been plotted in Figure 3.1-9 from which the rate of oxi- 
dation as a function of dose can be obtained as: 

log (MRads) = slope (Rate) + log constant 

or Rate = 1 log (MRads) 3.1-14 

slope const 

which for polyethlene is 

Rate = 2.3 x 10"? log (MRads _) 3.1-15 

l T71-5: 
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Further laboratory testing of other polymer oxidation rates as a 
function of dose is very much warranted. 

With zero order kinetics it is difficult to devise an accelerated 
laboratory test since the fluences of atomic oxygen required are beyond 
present technology. Therefore, it is suggested that on Shuttle flights, 
samples of a material be exposed for different lengths of time and the 
results be analyzed as a function of time. If, as expected, this is a 
linear function with time then the above approach will develop a data base 
for all those materials for which the reaction efficiencies are known. 

This section has shown some of the complexities involved in inter- 
preting the existing oxidation data base and indicates the caution which 
must be exercised when attempting to use the R.E. as a universal phenomena 
description. 

3. 1.5. 2 Oxidation Effects Models 


A Martin Marietta orbital oxidation model has recently been up- 
dated. The model has the capability of calculating oxygen fluence on 
spacecraft surfaces given arbitrary geometry. The Mass Spectrometer Inco- 
herent Scatter (MSIS) atmosphere (see Section 4) is used to calculate oxy- 
gen density, which is integrated over the spacecraft orbit. The program 
then calculates surface recession rates for the materials identified for 
the various surface nodes. NASA JSC has a similar model as documented in 
Reference G-19. 

3.1.6 Oxidation/Erosion Protection 


Soon after the first observations of the deleterious effects of the 
LEO environment on materials, studies directed toward protection of mater- 
ials were implemented. 

In a review of oxidation/erosion on STS-1, -2, -3, -4, -5 and -8, 
it was noted that protection of organic films could be obtained by metal 
films of A1 , Au, Pd, Pt, and Indium/Tin oxide (ITO) as well as with sili- 
cone coatings (Ref. G-19). Protective mechanism tests flown on STS-5 are 
listed in Table 3.1-11 (Ref. G-8) . It can be noted that Kapton and Mylar, 
which show high reaction efficiencies (Table 3.1-2), can be adequately 
protected with an appropriate overcoat. A detailed study of Mylar by a 
variety of analytical tests such as Scanning Electron Microscopy (SEM), 
Fourier Transform Infrared (FTIR) , and weight loss showed that while up to 
75 percent of uncoated Mylar was eroded during exposure, thin coatings, on 
the order of 50A, of Au/Pd and A1 protected the material for oxygen flu- 
ences of at least lO 2 * 0 atoms/cm 2 (Ref. G-38). 
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Table 3. Til Materials Protection Test on STS-5 (Ref G-8) 



Propartiasof Intarast 

Rasults 

Multilaytrcd Anti-R«fl«ction ( Mylar ) Coatad Di*c; 
Outermost Coating of ZnS 

1. IR Transmission 

2. Surfaca Effects 

No Change 

S Removed and Replaced by 0 

Mylar -Coatsd Disc; Outarmost Coating of ThF 4 

1. IR Transmission 

2. Surfaca Effacts 

No Change 

F Removed and Replaced by 0 

Mylar <Coatad Disc; Outarmost Coating of SiO 

1. IR Transmission 

2. Surfaca Effacts 

Slight Transmission Decrease 
No Detectable Change 

In a 0 3 /Sn 05 -Coatad SiO] (200A. 400A, 600A) 

1 . Hall Conductivity 

2. Thicknass 

No Change 
No Change 

ln 2 0 3 -Coated Optical Solar Raflactor 

1. UV-VIS-IR Raflactanca 

2. Hall Conductivity 

No Change 
No Change 

Sloxana (Owens-Illinois 100) Co at ad KRS-S 

1 . Surfaca Effacts 

No Visible Effacts, Enhanced 
Oxygen Concentration, Mass Loss 



Observed 


2. IR Transmission 

No Significant Change 

Siloxane (GE RTV 560) Coatad KRS-5 

1, Surfaca Effacts 

Surfaca Visibly Roughened, 
Enhanced Oxygen Concentration, 
Mass Loss Observed 


2. IR Transmission 

No Significant Change 

ITO/ Kapton 

Weight Loss 

No Change 


Such tests were continued on STS-8. It was shown that the emissiv- 
ity and absorptance of Kapton showed no changes when protected by DC6-1104 
silicone (Ref. G-5). Sputtered nickel, chromium, and aluminum protected 
epoxy composites (Ref. G-15). A novel coating of metal oxides plus PTFE 
fluoropolymer was also tested. The reaction efficiencies are compared in 
Table 3.1-12 (Ref. G-39). Not only is there a significant protection 
against weight loss, the optical properties of Kapton remain essentially 
unchanged as can be noted by Figure 3.1-10. 

Table 3.1-12 

M ass Loss of Protected and Unprotected Kapton Samples to Low 

Earth Orbital Environment 


Protective Coating 
on Kapton 

Thickness of 
Protective 
Coating, A 

Mass Loss, Mg 

Mass Loss per 

Incident Oxygen 
Atom*, g/Atom 

None (Unprotected) 

0 

5020 ± 9.9 

4.3 x 10* J4 

ai 2 o 3 

700 

567 ± 5.2 

4.8 x 10-i* 

SiO a 

660 

5.9 t 5.2 

5.0 x 10* 27 

96% SiO], 4% PTFE 

660 

10.3 t 5.2 

8.8 x 10- J7 

* Based on an estimated atomic oxygen fluence of 3.5 x 10 30 
atoms/cm 3 . 


Protection tests were also conducted on STS-41G. Plasma sprayed 
FEP was found to provide protection for carbon-epoxy in some cases, but 
the effectivity was highly dependent on the integrity of the applied coat- 
inq (Ref. G-25). Other coatings were examined in protection of paints and 
silver (Ref. G-40). 01-621 (otherwise unidentified), RTV-602 and MN41- 

1104-0 (silicone) were applied to Chemglaze Z302 specular paint, and MN41- 
1104-0 was applied to Chemglaze Z835. The MN41-1104-0 was found to be 
effective in protecting the Z835, although some darkening of the surface 
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upon application occurred. Only the 01-651 was effective both in protect- 
ing the Z302 and preserving the specular properties of that surface. In 
protecting silver, aluminum, gold and palladium were applied to silver 
interconnects or foil. Protection was again highly dependent on the in- 
tegrity of the coating. Gold was the only coating that did not show pene- 
trations to the silver substrate, and this occurred only in 2 of 4 sam- 
ples. All the gold samples showed discolorations due to oxygen exposure 
and some silver diffusion into the gold, indicating gold may be of limited 
effectivity as a long duration protection technique (Ref. G-40). 

Although most effects of orbital reactions with atomic oxygen ap- 
pear detrimental, it has been suggested that orientation of contaminated 
surfaces into the velocity vector may be used to clean them (Ref. G-41). 

If the protections discussed above cannot be carried out for any 
particular Shuttle experiment, an obvious approach could be to fly higher 
or not expose the experiment hardware to the ram direction. 

3.1.7 Key Technical Personnel 



Organization 

Phone 

L. J. Leger 

JSC 

(713) 483-2059 

J. T. Visentine 

JSC 

(713) 483-4564 

A. F. Whitaker 

MSFC 

(205) 453-5975 

M. Greenfield 

NASA HQ 

(202) 453-2862 

L. E. Bareiss 

Martin Marietta (303) 977-8713 

G. W. Sjolander 

Martin Marietta (303) 977-8686 

G. S. Arnold 

Aerospace Corp. 

(213) 647-1935 

0. R. Pepl inski 

Aerospace Corp. 

(213) 648-6928 

H. Garrett 

JPL 

(818) 354-2644 

R. Liang 

JPL 

(818) 354-6314 
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3.2 SURFACE GLOW PHENOMENA 


3.2.1 Introduction 

Nighttime photographs taken by the crew of STS-3 revealed a reddish 
glow originating on and above the vehicle surfaces exposed to the ram 
direction (Ref. H-l). Similar emissions were found on earlier satellites, 
including unexplained enhancements in the airglow measured by the Vehicle 
Airglow Experiment (VAE) on the Atmospheric Explorer-C (AE-C) Satellite 
(Ref. H-2) . 

All subsequent STS flights have shown glows similar to the original 
STS-3 observations. Further, it has been observed that there is a prompt 
enhancement of the glow associated with thruster engine firings. A recent 
STS flight carried the Imaging Spectrometric Observatory (ISO). At no 
time did the instrument make direct observations of Orbiter surfaces. 
Looking directly into the velocity vector, the instrument detected optical 
effects associated with the high altitude ambient atmosphere as well as 
emissions occurring in the vicinity of the Orbiter due to the local envi- 
ronment (Ref. H-3) . As with the red glow associated with the vehicle sur- 
faces, a major feature of the ISO data appears to be molecular bands which 
lie in the 6000A to 8000A wavelength region of the red glow. 

An experiment flown on STS-9/SL-1 provided evidence that the Shut- 
tle glow extends into the ultraviolet from 1300A to 1800A (Ref. H-4) , 
while other SL-1 and SL-2 instruments further recorded visible light and 
infrared glow phenomena. 

3.2.2 Available Data 

On the AE satellites, spectral measurements showed that above 160 
km altitude the glow brightness at 6563A and at 7320A decreased with alti- 
tude at the same rate as the atomic oxygen number density. Therefore, it 
was suggested that the emissions were produced by the same mechanism, with 
atomic oxygen having an important role (Ref. H-5 and H-6) . Below 160 km 
the glow brightness increased greatly with decreasing altitude and was no 
longer proportional to the atomic oxygen number density. Figure 3.2-1 
depicts both the emission and oxygen number densities as a function of 
altitude. Figure 3.2-2 shows the spectral variation of the brightness. 
Although there was a different dependence of glow brightness in the two 
altitude regions, from the similarity of the brightness variation it was 
suggested that the glow, in both altitude regions, is produced by the same 
mechanism, with atomic oxygen being important in both regions. 
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Figure 3.2-1 

The Altitude Variation of the Glow Emission at (a) 
6563 A and (b) 7320 A, Along Measured Number 
Densities of Atomic Oxygen and Molecular Nitrogen 
(RefH-5) 
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A Fabry-Perot (F-P) interferometer was flown on the Dynamics Ex- 
plorer-B satellite (DE-B). It measured the density of metastable 0( i S) 
and Ot^-D) atoms and the 0 + ( 2 P) ion. The measurements were made with 
a high resolution F-P etalon which performs a wavelength analysis on light 
detected from atmospheric emission features by spatially scanning the 
interference fringe plane with 12 concentric ring detectors. The scan is 
linear in wavelength covering a spectral range equal to 0.01796A per de- 
tector channel at 7320A. The spectral region for analysis is selected by 
a 10 A half width interference filter centered at 7320A. It was suggested 
that the glow spectrum compared favorably with the nightglow 0H(X ^n) 
spectrum suggesting it to be one of the species producing the glow (Ref. 
H-71. It had been pointed out that the OH airglow in the spectral region 
around 6563 a and 7320A had the same relative intensity as the glow on the 
AE satellites (Ref. H-8) . Further support for the OH emission is provided 
by a more extensive spectral range comparison (Ref. H-9) . 



2000 3000 4000 5000 6000 7000 8000 2000 3000 4000 5000 6000 7000 8000 

Wavaltngth, A Wavalangth, A 


Figure 3.2-2 

Toe Spectral Variation of the Glow Emission on AE-C at (a) 140-145 km and (b) 1 70-1 75 km (Ref H-5). 


The Shuttle STS-3 nighttime photograph of the glow from the verti- 
cal stabilizer and engine pods was analyzed showing the intensity of the 

glow to be maximized about 20 cm off of the surfaces (Ref. H-10). The 
lifetime of the excited species was determined to be 0.67 msec. Compari- 
son of the surface glow intensity with the 5577A airglow in the photograph 

background yielded a surface glow intensity of 30 kR (R - Rayleigh = 10° 

photons/cm 2 sec). 
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On STS-4 a spectral determination was made showing the glow to 
extend from 6000A to 8000A. Comparison of photographs from STS-3 (240 km) 
and STS-5 (305 km) showed the intensity of glow to be brighter on STS-3 by 
a factor of 3.5 (Ref. H-ll). On STS-4 the glow was measured with a trans- 
mission grating mounted in front of a photographic camera, and several 
exposures were taken on-orbit to make preliminary spectral measurements. 
The glow observed was predominantly in the 6300-8000A range of the instru- 
ment band pass of 4300-8000A (Ref. H-ll). On STS-5 a Noctron 5 Image 
Intensifier was used. This was inserted between the body of a Nikon 35mm 
camera and the lens (55mm, f/1.4); for the starboard aft flight deck win- 
dow a conventional Hasselblad camera (100mm, f/3.5) was used (Ref. H-12). 
As with the AE satellites (Ref. H — 7) , as the angle of incidence between 
the spacecraft surface and the velocity vector decreases the glow in- 
creases. 

Spectral analysis of the results obtained on Spacelab 1 showed that 
the earlier suggestion (Ref. H-7) of OH as the candidate specie for pro- 
ducing the glow on Shuttle is probably not correct (Ref. H-13). The 5577A 
of 0(1) and the 02 atmospheric (0,0) band at 7620A were clearly identi- 
fied while the OH Meinel bands were absent. With the elimination of these 
bands by the instrumentation. Figure 3.2-3 shows the remaining structure- 
less red glow of the Shuttle (H-14). 



Wavolongth, angstroms 

Figure 3.2-3 

(Bottom) Six line average tracing of spacecraft glow. The tracing has been corrected for the calibrated 
D-Log-E response of the film. Toe noise character in the data is primarily because of ion scintillations 
in the image intenstfier that have accumulated in the image over the 30-second exposure. (Top) 
Corrected spectrum of spacecraft glow where the instrument response has been applied to the curve 
drawn through the data shown in the bottom of the figure (Ref H-14). 
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Project FAUST, also on Spacelab 1, provided the first evidence that 
the Shuttle glow may extend into the 1300A to 1800A far UV region (Ref. 
H-4). The FAUST telescope provides wide field (8* diameter) imaging in 
the far ultraviolet (1300-1800A) and was located on a pallet in the cargo 
bay. It employs a Wynne optical configuration to image the wide field 
onto a flat focal plane. The image falls on a frequency converting image 
intensifier tube which transforms the ultraviolet image into an intensi- 
fied optical image which is then recorded on a 130a-0 spectroscopic film. 
The CaF2 window, of the telescope provides the short wavelength cutoff, 
and the falling sensitivity of the Csl on the frequency converter tube 
provides the long wavelength cutoff. These combine to give a 500A band- 
pass with a maximum sensitivity at 1450A. Preflight calibration showed 
the instrument could detect a 17.5 magnitude source in ten minutes against 
a dark field assuming an AO stellar source. The glow in the UV was estab- 
lished by the correlation at the 80 percent confidence level between the 
background intensity and the angle between the view direction and the 
velocity vector (Ref. H-4). 

The intensity of the glow from a variety of materials flown on the 
STS-41D RMS was assessed (Ref. H-15). The samples were ranked from 1 to 9 
in order of their glow. Polyethylene was assigned 1, having the dimmest 
glow. The low signal to noise ratio made it difficult to draw any strong 
conclusions, but, the results are presented in Table 3.2-1. 


Table 3 .2-1 

Material Glow Intensities ( Arbitrary 
Units) 


Material 

Ranking 

Z302 (Overcoated with Si) 

9 

MoF 2 

8 

Z302 

7 

Z306 

6 

Chemical Convarsion Film 

5 

Carbon Cloth 

4 

Anodized Aluminum 

3 

401-C10 

2 

Polyethylene 

1 


The explanation of prompt enhancement of the glow surrounding the 
Orbiter following thruster firings remains open (Ref. H-16). However, 
studies made primarily to study the F region of the ionosphere appear to 
have relevance. An ionospheric "hole" can be created by chemical reac- 
tions of reactive molecules with the ionospheric plasma (Ref. H-17). 
Highly reactive molecules (such as H 2 O, H 2 and CO 2 ) exhausted by a 
rocket engine into the ionosphere at altitudes, h > 200 km, where 0 is 
the dominant ion, causes transformation to molecular ions at rates 100 to 
1000 times faster than those occurring with the environmental N 2 and 
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02. These reactions are: 


0 + + H2O — ■ — >H20 + + 0 kj « 2.4 x .10“® cm^/sec 

k ? 

0 + + H2 >0H + + H k2 * 2.0 x 10~9 cm^/sec 

0 + + CO2 >o£ + CO k3 * 1.2 x 10“^ cm^/sec 

Once formed, these molecular ions undergo rapid dissociative recom- 
bination with ambient electrons. 


H20 + + e~ >0H* + H k4 « 3 'x 10“ 7 cm^/sec 

0H + + e~ — >H +0* ks 3 1 x 10“? cm^/sec 

o£ + e~ — >0 + 0* kg » 2 x 10~7 cm^/sec 


This leads to the loss of ion-electron pairs or the hole. "The 
creation of an ionospheric hole via the reactions described above will be 
accompanied by a significant amount of airglow emissions." (Ref. H-17). 
These include emissions from excited states of atomic oxygen at 5577A and 
6300A. In support of these comments, it should be noted that the density 
monitor on Shuttle showed plasma depletions during thruster firings as 
large as a factor of ten (Ref. H-18). 

Emissions from the vehicle environment (for example, from measure- 
ments made looking away from the Shuttle and Earth into the velocity vec- 
tor and the high altitude dayglow) have been observed. The instrument 
used comprised an array of five spectrographs, each covering a portion of 
the wavelength range from 300A to 12,700A. Each spectrograph contained a 
focal plane detector in the form of an intensified two-dimensional charge 
coupled device array. The five spectrometers operated in parallel, each 
imaging approximately 200A simultaneously. The full wavelength range 
covered by each spectrograph could be obtained in 20 steps. The array of 
spectrometers is called the Imaging Spectrometric Observatory (ISO). The 
observed emissions have the broad spectral characteristics of the N2 
First Positive system in the region of 6000A to 8000A long wavelength 
limit of the data obtained (Ref. H-19). If these are due to this system 
they are considerably brighter than would be expected by comparison with 
the N2 Second Positive system. The enhancement of these red bands ap- 
pears to be present in data taken with the field-of-view looking in direc- 
tions other than the velocity vector, and thus are from the vehicle envi- 
ronment and not from surfaces within the instrument. 

3.2.3 Additional Glow Data 

3. 2. 3.1 Unpublished Glow Data 

The IRT of SL-2 experienced high background signal levels through- 
out the SL-2 mission. Evaluation of these signals, including their rela- 
tionship to glow, have not been published. In conjunction with the IRT 
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experiment, ground based IR observations of SL-2 were also made. These 
results are also currently unpublished. 

3. 2. 3. 2 Needed Glow Data 


The most important needed data on the Shuttle glow is a complete, 
high resolution spectrum of the glow, from IR to UV wavelengths, and taken 
from the PLB to avoid Shuttle window interference with data. Also needed 
are ground simulators to verify proposed mechanisms and acquire a materi- 
als response database. 

Since the ionospheric hole discussed above is a viable approach to 
the understanding of the prompt enhancement of glow during thruster fir- 
ings, it would be of great interest to determine its decay rate and spa- 
tial distribution. 

3. 2. 3. 3 Planned Glow Data 


Among the planned Shuttle glow experiments is the Shuttle Infrared 
Glow Experiment (SIRGE), a low resolution liquid nitrogen cooled filter 
wheel photometer to be flown on a Hitchhiker-G getaway special (GAS). The 
spectrometer will cover 0.9 to 5.5 urn wavelengths, with a resolution 
( x/ ax) of 100 (Ref. H-20) . Also planned is the flight of a UV spectrome- 
ter, covering 1900 to 3000 A, This instrument is also a GAS can PLB ex- 
periment (Ref. H-21). 

In addition to the above planned experiments, several other experi- 
ments have been proposed, including those of References H-22, H-23 and 
H-24. 

3.2.4 Ground Simulation Studies 


The technical literature is replete with studies of glows from ions 
(generally high energy) impinging on metals, but there is a paucity of 
laboratory studies related to the glow from Shuttle related materials. 

One published study of low energy oxygen ions impinging on Kapton, 
film has shown a faint white glow extending about 5 mm in front of the 
impacted surface, and behind the sample holder a distinct greenish tinge 
could be seen in the diffuse glow of the beam (Ref. H-20). The white glow 
was attributed to continuum radiation from oxygen recombination at the 
surface, and the green glow appeared spectroscopically to be from the 
First Negative bands of 0$. 

Some very preliminary studies of the impingement of ions on Chem- 
glaze Z306 are worth consideration (Ref. H-26). A modified Colutron ion 
beam gun delivered ions ranging from 500 to 1000 eV. An EMR phototube, 
with a range between 4000 and 9000A, was placed in the vicinity of the 
target and recorded the light output. The experiment was then repeated 
with, a cutoff filter that passed light of wavelengths greater than 6000A. 
Figure 3.2-4 shows the ratio "with filter/without filter" after the appro- 
priate normalizations. It can be seen that all ions appear to give a red 
glow; however, it should be noted that these ion energies are far above 
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those impinging on Shuttle. After further upgrades to the ion gun system, 
it is planned to study these ions and appropriate neutrals at much lower 
energies. 

3.2.5 Models for the Shuttle Glow 

A variety of processes have been suggested to account for the sur- 
face glow. Among these are: 

a. Impact excitation of species in the direction of the velocity 
vector. 

b. Excitation of absorbed species, both atomic and molecular. 

c. Sputtered species either excited or subsequently excited by 
reaction with the vehicle atmosphere. 

d. Luminescence of the solid surfaces. 

e. Surface recombination of atomic and molecular species. 

f. Surface recombination of ions and electrons. 

These processes are followed by emission from excited entities. The sug- 
gested processes listed above are not discussed in detail. 

The glow of the AE satellite was suggested to be produced by the 
chemiluminescent combination of 0 and NO (Ref. H-2) . However, the mea- 

surements at 7320A and 6563A did not coincide with laboratory measurements 
of the spectral distribution from the NO-O reaction. Therefore this is 
considered to be an unlikely process (Ref. H-5) . The spectral measure- 
ments on the DE-8 satellite provides considerable evidence for OH as one 
of the species producing the glow on such spacecraft (Ref. H-6) . Figure 

3.2- 5 shows a comparison of the measured OH nightglow and the spacecraft 
glow spectra (the shaded area indicates the statistical uncertainty in the 
measurements). The shape of the glow spectrum from channels 4 through 12 
agrees with that of the OH spectrum. Thus OH might be one of the species 
producing glow on satellites. 

From the similarity of spectra between Shuttle glow and the contin- 
uum chemiluminescent reaction of NO with atomic oxygen depicted in Figure 

3.2- 6 (developed from References H-27, H-28 and H-29), the NO model for 
the glow is being reconsidered. The mechanism is depicted in Figure 3.2-7 
(Ref. H-30) . No explanation has been given for the so-called atmospheric 
atomic nitrogen which begins the entire sequence by interaction with atom- 
ic oxygen on the Shuttle surface. Until a source for atomic nitrogen is 
elucidated, this mechanism must be considered speculative. 
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Figure 3.2-5 

Comparison of the OH Nightglow (Broken line) 
and the Comtaminant Glow Spectrum (Ref H-6) 
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Figure 3.2-6 .... , 

The spectrum of spacecraft glow compared with that of the laboratory spectrum 
measured in laboratory experiments by Fontijn et al. (Ref H-27) and Paulsen 
et al (RefH-28). A spectral blend produced by spectrally e-foldmg the 
measured spectrum with lifetime data of Schwartz and Johnston (Ref H-29) 
is also plotted (Ref H-14). 


An analysis of the glow photograph of the vertical stabilizer on 
STS-3 determined the lifetime of the excited entity to be 0.67 msec. (Ref. 
H-10). This is almost an order of magnitude shorter than the OH (X/n) 
radiative lifetime and suggests that some other species besides OH is pro- 
ducing the Shuttle glow. An estimate of the glow intensity of 30 kR for a 
sight column intensity corresponds to a maximum volume emission rate of 7 
x 10 6 photons/cm 3 sec. In turn this corresponds to a number density 
of 4.7 x 10 3 /cm3 at the surface. The incoming flux of atomic oxygen 
is about 1.4 x 10 15 /cm 2 sec so that the photon production efficiency 
is 10" 7 excited molecules per impacting oxygen atom. The efficiency 
could lie higher if emission is present at wavelengths other than that 
recorded by the photographic emulsion. As with the AE satellites, the 
Shuttle glow is brighter at the lower altitudes suggesting an association 
of the glow with atomic oxygen (Ref. H— 12) . The best estimate of the glow 
intensity ratio between STS-3 (240 km) and STS-5 (305 km) glow is about 
3.5 and is consistent with the decrease in atomic oxygen density. The 
glow is observed predominantly in the region 6400a to 8000a of the instru- 
mental band pass of 4300A to 8000A. It should be noted here that the AE 
satellite data (Figure 3.2-2) shows emission down to 2800A. This along 
with the suggestion that the glow on Shuttle arises from bands similar to 
the atmospheric 02 bands indicates that the glows on the smaller satel- 
lites (AE) are different from those of the much larger Shuttle. Further- 
more, the AE spectral radiances (Ref. H-4) at 240 km indicate total column 
emission rates of only 1.5 kR at wavelengths less than 7330A whereas those 
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from STS-3 (240 km) were estimated as 10 to lOOkR (Ref. H-31). The order 
of magnitude longer path lengths in the Shuttle Orbiter's viewing projec- 
tion are not sufficient to account for its approximately two orders of 
magnitude higher radiance. 



Figure 3.2-7 

A schematic representation of the chemistry believed to be responsible for spacecraft ram glow Starting 
at the top, the ramming 0(1) and N(I) intercept a spacecraft surface and form NO, some of which sticks 
to the surface and some of which excapes in the gas phase. The NO that sticks to the surface is subjected 
to ramming 0(1) which forms a 3-body recombination with the surface (M) to create NO, . The escaping 
NO 2 radiates the red continuum observed on ram surfaces (H-22). r * 


Plasma interaction calculations show that about 10 10 eV/cm 3 sec 
to be deposited by low energy electrons ~10 eV.per electron (Ref. H-32). 
If the glow from the Shuttle is taken as 30 kR this amounts to about 7 x 
10 b photons/cm 3 sec. Taking an average photon energy of 1.7 eV 
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(-7000A) about 1.2 x 10 7 eV/ cm3 sec appears in emission for an effici- 
ency of 1.2 x 10“ 3 . This is some four orders of magnitude greater than 
the calculated efficiency for STS-3. It has been suggested that the plasma 
interaction model also fails because the emission spectrum of the glow 
differs substantially from what would be expected from electron impact 
spectra on a mixture of 0, N 2 , O 2 and H 2 O (Ref. H-33). However, 
energetic electron impact on a mixture of N 2 /O 2 is shown in Figure 
3.2-8 from which it can be seen that the molecular nitrogen First Positive 
system appears in the appropriate wavelength range and increases in inten- 
sity toward the red (Ref. H-34). 


N 2 B A, First Positive 
Av - 4 Av - 3 Av - 2 Av - 1 



Another process which can also lead to emission of the First Posi- 
tive system of molecular nitrogen is the recombination of N atoms on Shut- 
tle surfaces formed from the collision induced dissociation of N 2 (Rfif* 
H-29). The surface will incompletely accommodate the 9.8 eV (dissociation 
energy) that becomes available and the molecules will leave the surface, 
some fraction of which will be in high vibrational levels of the electron- 
ically excited A 3 Z U state. These then decay to lower vibrational 
levels of the B 3 n q state (a reverse First Positive transition). Then 
the decay B — »A leads to the emission of the First Positive system of 
molecular N 2 . 

However appealing, this process has some difficulties. The radia- 
tive lifetimes for the A — *B transitions are quite slow, being on the 
order of 2.5 sec for the v » 8 level of the A state and about 3 msec for 
the v - 20 level (Ref. H-30). Since the model postulates surface recombi- 
nation, the molecules leave the surface at thermalized velocities. If 300 
m/sec is assumed for this velocity the molecules will be on average 7.5 x 
ioA cm away (for v * 8) or 90 cm away (for v » 20) from any surface 
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before the B — >A transitions occur. The glow appears to peak at 20 cm 
from the surface and is in the noise at 40 cm from the surface (Ref. 
H-10). Furthermore, the energy pooling into the B state requires the col- 
lision of A state molecules with another such A or excited ground state 
(N 2 *(X, 2g)) molecule (Ref. H-35 and H-36). This evaluation 
neglects, however, collisions with the ambient atmosphere, which could 
serve to concentrate molecules near the surface. In another possible 
approach, if the surface recombination leads directly to the B state 
there is the same difficulty with lifetime (2-8 u sec) which leads to emis- 
sion directly on the surface and not some 20 cm away. Resolution of these 
lifetime speculations are still uncertain. Testing or modeling is needed. 


The emission from OH has been suggested for the glow emission on 
the AE satellites. Dissociative collisions of H 2 O with the Shuttle sur- 
faces could produce OH in high vibrational states and could result in the 
orange-red component. The dissociation energy of H from H?0 requires 
only 3.07 eV leaving on the order of 2 eV for vibrational excitation lead- 
ing to Meinel emissions. However, these exhibit spectral structure which 
should have been partially resolved in the observation (Ref. H-37). 


The chemiluminescent combination of 0 and NO was discounted as a 
possibility because of a lack of matching with the observed glow (See 
above). Another nitrogen oxide has been suggested as a possibility for 
the surface glow (Ref. H-38). Reaction of NO with ramming 0(1) 


NO + 0(1) + (M) * NO 2 * + (M) 


was suggested. H-14). 


The reaction of H and NO, which has not been considered, appears to 
radiate in the appropriate spectral range, and the intensity appears to 
increase toward the long wavelengths. Table 3.2-2 shows the results of 
laboratory measurements (Ref. H-39). Although it was stated that the 
emission was extremely low, it may be worth further consideration. 


Table 3.2-2 Emission for H + NO *-HNO * 


Emission, & 

Intensity 

6172 

Weak 

6935 

Moderate 

7622 

Strong 

8292 

Moderate 

8795 

Moderate 

9500 

Weak 


From the results of Reference H-26, it has been suggested that any 
ion recombining with an electron on the surface of Shuttle may yield a 
reddish glow (Ref. H-40). 



Some early studies of ions impinging on metal surfaces showed 
broadband emissions. This has been observed with 10 keV He + and H 
impinging on copper surfaces (Ref. H-41). A broad unexplained emission 
centered near 3200A was observed. The impact of neutral H atoms on the 

surface gave essentially the same spectrum as for H + impact with spec- 
tral features of the same relative intensities. The broadband feature 

cannot be related to the metal because a mixed beam of H + , H|, and 

H$ on targets of silver, aluminum, tungsten, and copper impacting at 
250 keV gave a similar broadband emission with a maximum near 3300 A (Ref. 
H— 42) . This observation is reminiscent of observations made at Martin 

Marietta where it was found that 500 to 1000 eV ions of 0 , 02> 

H£, n£, and He + impinging on Chemglaze Z306 all produced emis- 

sions that passed through a cutoff filter that only passed the light of 
wavelengths greater than 6000A (see Figure 3.2-4). The latter results are 
in agreement with the observation on AE. Yee and Abreu noted the similar 
slopes of brightness and atomic oxygen density above 170 km (Figure 

3.2-la) and suggested that the glow was related to atomic oxygen. They 

claimed "no correspondence with molecular nitrogen was found for either 
wavelength at any altitude". It is difficult to rationalize this state- 
ment when the slopes below the 160 km are considered. At 6563 A the 
slopes of brightness and molecular nitrogen appear to be correlated as 
well as that for brightness with atomic oxygen above 160 km. If the slope 
of brightness at 7320 A is drawn through the lower extension of the bar of 
brightness uncertainty at 140 km (Figure 3.2-lb), a similar correlation 
can be made for molecular nitrogen and brightness at 7320 A. 

It may be of interest to compare the observed glow intensity on AE 
with that of observed on Shuttle. From Figure 3.2-2 the total brightness 
between 4278 A and 7320 A can be estimated. For 170-175 km this is calcu- 
lated to be 9.6 kR (kR = kilo Rayleighs = 10 9 photons/cir^/sec) . On AE 
the brightness was also determined as a function of altitude. This is 
depicted in Figure 3.2-1, from which it can be seen that the brightness 
decreases as the altitude increases. From the constancy of slope for the 
brightness above 170 km, as well as the comparison of the spectral distri- 
bution between Shuttle (Figure 3.2-3) and AE (Figure 3.2-2), it is reason- 
able to assume a constancy of spectral distribution with altitude for AE. 
With this assumption the total brightness, B, at any altitude above 170 km 
between 4278 A and 7320 A, may be estimated from Figure 3.2-1 by: 

Total B at altitude - B at 7320 A at altitude x total B at 170 km. 

B at 7320 A at 170 km 

Thus at 200 km 

Total B = 75R x 9.6 kR = 4.0 kR. 

180R 
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Since AE had a curved surface and the photometer protruded 8 cm 
above the surface, Dalgarno et. al. (Ref. H-43) suggest a curvature cor- 
rection of a factor 2 to make it comparable with the flat surface of the 
stabilizer of Shuttle in the RAM direction and another factor of 2 for the 
photometer protrusion. Thus, at 200 km the total brightness is 4.0 kR x 4 
= 16 kR, to become comparable with a Shuttle flat surface glow. Several 
points calculated with this correction have been plotted' in Figure 3.2-9. 

For comparison with the Atmospheric Explorer, results from the 
analysis of glow photographs on Shuttle flights are also plotted on Figure 
3-2-9. The Shuttle flights were STS-3 (240 km), STS-5 (305 km), STS-8 
(222 km), and STS-41G (230 and 360 km). For STS-8 and STS-41G, the 
brightness in R/A are shown in Table 3.2-3 (Ref. H-44 and H-45). 
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1UUI c J , 

Brightness of Glow as Measured on STS-41G ana 
STS-8 


Wavelength A 

Brightness R/A 




5577 

<20 

< 50 

150 

6300 

<35 

90 

300 

7300 

<60 

<140 

400 

7600 

<70 

<160 

500 


Note : 

STS-41G— R*f H-44; STS-8-R«< H-4S 


From Table 3.2-3, the total brightness for STS-8 over the approxi- 
mately 900 cm of column length across the vertical, stabilizer (see Figure 
3 of Reference H-14) is estimated to be 665 kR. In the RAM direction the 
glow peaks about 20 cm from the vertical stabilizer (Ref. H-10). To be 
comparable to AE, a photometer viewing normal to the RAM direction would 
see a column length of about 20 cm. The total glow is approximately 
(20/900 ) 665 kR = 14.6 kR and this is the point labeled STS-8 in Figure 
3.2-9. For STS-41G, using the equality values for 230 km and the listed 
values for 360 km in Table 3.2-3 the estimated total brightness for 230 km 
is 4.6 kR and 1.9 kR for 360 km. These are the points labeled STS-41G in 
Figure 3.2-9. From the figure it appears that for 360 km the values list- 
ed in Table 3.2-3 are very much the upper bounds. Much better agreement 
would be obtained if the actual values were about 10 percent of those 
listed for the 360 km altitude. 

For STS-3 Yee and Dalgarno (Ref. H-10) estimate the Shuttle glow to 
be about three times the Earth airglow appearing in the background of the 
photograph of the Shuttle glow. They take as an estimate of the airglow 
the value 10 kR which is the atomic oxygen airglow at 5577 A (Ref H-26). 
This severely underestimates the photographed airglow since it consists of 
all radiating species and not just atomic oxygen. The airglow has a 
brightness of 100 kR (Ref H-26), and thus the correct brightness for STS-3 
should be about 300 kR. With the correction for column length in the RAM 
direction the flow is then estimated as (20/900) 300 kR » 6.7 kR which is 
the point plotted in Figure 3.2-9. 

By comparing the glow photograph from STS-3 (240 km) with the glow 
photograph of STS-5 (305 km) the glow intensity of STS-5 is estimated to 
be about 1/3.5 times that on STS-3 (Ref. H-14). Both photographs were 
made with the same camera/film system and with similar velocity vectors of 
the spacecraft. This estimate for STS-5 is also plotted in Figure 3.2-9. 

Considering the available data. Figure 3.2-9 shows reasonably good 
agreement between Shuttle data and the AE results. The line drawn through 
the AE points could be used as an estimate of spacecraft brightness as a 
function of altitude. The curve neglects, however, long term variation in 
atmospheric density. 
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Thruster firings on Shuttle create a great deal of observable 
light, and in addition to this, there is a marked enhancement of the 
spacecraft ram glow (Ref. H-14). The integrated video signal of the en- 
hanced glows on the engine pods plotted by a chart recorder is depicted in 
Figure 3.2-10 for STS-3 and STS-5 (Ref. H-14). The decay of glows, begin- 
ning at t = 0 are analyzed in Figures 3.2-11 and 3.2-12 where each decay 
appears to have two time constants. It can be noted that the 20 km dif- 
ference in altitude between STS-3 and STS-5 results in decay time con- 
stants that are 10 times larger for STS-5 than those of STS-3, i.e. for 
the fast decay the 1/e decay time for STS-5 is 1.2 sec and for STS-3 it is 
0.14 sec, and for the slow reaction the times are 6 and 0.6 sec. respec- 
tively. ’ 



Time, s 



The Function of the Thruster Glow Intensity 

on the Engine Pods as a Function of Time 

after a Thruster Firing ( Arbitrary Units) (Ref H-14) 
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Figure 3.2-1 1 

Analysis of Decay of STS-5 from Figure 3.2-10 
(Solid Points) and Resolution of Data Showing 
Fast Reaction (Open Points) 
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Ti me, % 

Figure 3.2-12 

Analysis of Decay of STS-3 from Figure 3.2-10 
(Solid Points) and Resolution Showing Fast 
Reaction (Open Points). 
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Section 4— Other 
Environments 



SECTION 4 


OTHER ORBITAL NATURAL ENVIRONMENTS 


The Earth's atmospheric density, temperature and composition are 
functions of: (1) solar activity; (2) geomagnetic activity; (3) time of 
day; (4) day of the year; (5) altitude; and (6) latitude. 

To the present time Shuttle has flown in the altitude range of 200- 
400 km, in that portion of the atmosphere known as the ionosphere. The 
various regions of the atmosphere are depicted in Figure 4-1. The ionos- 
phere exists as a result of ionization by solar radiation and cosmic rays. 
It extends outward from about 60 km until it merges with the plasma of 
outerplanetary space. Figure 4-2 (Ref. 1-1) shows a schematic view of the 
upper regions depicted in Figure 4-1. 
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The ionosphere is of importance because the interaction of the 
spacecraft and medium must be taken into account in the design of experi- 
ments. These interactions include vehicle drag and heating primarily by 
the neutral species, the generation of electrical potentials on and about 
the spacecraft by the ambient plasma and magnetic field interactions, and 
the formation of wakes and plasma sheaths by passage of the spacecraft 
through the medium. Therefore in this section, the natural environment of 
the Shuttle in orbit will be described in terms of: (a) the neutral 

atomic and molecular species; (b) the plasma, i.e., electrons and charged 
atomic and molecular species; (c) radiation, both electromagnetic and 
trapped charge particles,; and (d) the electric and magnetic fields. 


4.1 NEUTRAL SPECIES 

There are three models described herein: (1) 1976 U. S. Standard 

Atmosphere (COESA), (Ref. 1-2); (2) the Jacchia atmosphere, J71 of 1971 
and J77 of 1977 (Ref. 1-3 and 1-4) and the MSFC/070 atmosphere derived 
from the J70 and J71 atmospheres (Ref. 1-5 and 1-6); and (3) the 1979 mass 
spectrometer incoherent scatter (MSIS) atmosphere (Ref. 1-7 and 1-8). 

The U. S. Standard Atmosphere (COESA) represents the average com- 
position, density, and temperature based primarily on theoretical solu- 
tions to the hydrostatic equation. The J71 and 077 atmospheres are pri- 
marily based upon vehicle drag data. The MSFC/J70 atmosphere is based on 
the J70 atmosphere, but includes modifications from the J71 atmosphere. 
The MSIS model is semi-theoretical based upon fitting thousands of experi- 
mental data points, obtained from flight mass spectrometer and ground 
based data, to an associated Legendre polynomial expansion of species den- 
sity variation. It provides detailed information with an estimated accur- 
acy of ± 15 percent over the altitude range 120-800 km. A comparative 
analysis of these various models has been made (Ref. 1-9). 

Figure 4.1-1 shows the 1976 U. S. Standard Atmosphere description 
of the number density of the neutral density. 

Where detailed information on density, temperature, and composition 
is required, the MSIS computer tape programs are available from A. Hedin 
(Ref. 1-7 and 1-8) which eliminates the need for a lengthy code input to a 
computer. The MSIS model inputs geomagnetic (A p ) and solar (F10.7) 
activity to calculate composition, density, and temperature. The geomag- 
netic activity is related to the proton flux incident on the Earth's at- 
mosphere. Quiet levels would be represented by a A p = 4, while very 
high levels of geomagnetic activity would have A p on the order of 100. 
The solar activity is related to the 10.7 cm radiation from hydrogen and 
is an indication of the extreme ultraviolet (EUV) radiation from the sun. 
A value of F10.7 = 75 is a low value of EUV corresponding to values near 
the minimum of the 11 year solar cycle. A value of F10.7 = 200 corre- 
sponds to activity near the maximum of the solar cycle. 
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As examples of the MSIS model the temperature, density and composi- 
tion have been calculated for day 356 and 0* latitude for the two local 
times: 1500 hours and 0100 hours. These times represent the maximum and 

minimum density, respectively, in the diurnal variation while day 356 rep- 
resents the average of density variation throughout the year and can ac- 
count for any day of the year to within ± 50 percent.. Figures 4.1-2, 
4.1-3, 4.1-4, and 4.1-5 show the temperature, mass density, and atomic 
oxygen calculated by the MSIS model as a function of geomagnetic and solar 
activity on day 356 at 0 latitude. The COESA results are also depicted 
for comparison with the MSIS model. Results similar to Figure 4.1-5 apply 
to the other species i.e., hydrogen, argon, helium, oxygen and nitrogen 
molecules. 



Kinetic Temperature, K 

Figure 4.1-2 

Temperature vs Altitude: A, B, D, E, on Day 356 at 0 ° Latitude (MSIS) 
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Figure 4.1-3 Temperature above 400 km on Day 356 at 0 ° Latitude 
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Figure 4.1-5 

Atomic Oxygen vs Altitude : A, C, D, E on Day 356 at 0° Latitude 
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4.2 THE PLASMA 


The thermal i zed charged particles (i.e., atomic and molecular ions 
and electrons) constitute the plasma. The energetic particles (trapped 
species) will be discussed in the following section. During the daytime, 
the lower ionosphere features are identified by three regions.- In order 
of increasing altitude, they are the D, E, and F regions (See Figure 4-1) 
of which the F region is important for Shuttle. It ranges from about 140 
to 1000 km. During the daytime, it has two divisions, designated as Fi 
and F2- The Fi region is associated with ion production in the vicin- 

ity of 150 km and disappears at night as the electron density decreases 
above the E region. The F 2 region is usually within the altitude range 
of 200 to 400 km (note that this is the range of present Shuttle flights'). 
It is associated with the peak in the electron density distribution which 
varies with the time of day, solar cycle, and latitude. The positive ion 
population is dominated by 0 ions as can be noted from the ionic densi- 
ties depicted in Figure 4.2-1. An indication of the electron density dis- 
tribution is also depicted in Figure 4.2-2. The particle temperatures 

(and velocities) in the F 2 region are depicted in Figure 4.2-3. The 
small change of the ionic parameters between 200 and 400 km contrasts 

sharply with the change of the electron parameters. Figure 4.2-4 shows 

the effects for electrons of geographical variations in the anomalies of 
the Earth's magnetic field (Ref. 1-10). 



Electron Density (cm -3 1 


Figure 4.2-2 Ionospheric Electron Concentration 
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Daytime Contours of Equal Electron Density in the Orbital Plane of an 
Alouette Satellite. Density Units of 10* Electrons cm 


4.3 RADIATION 


4.3.1 Electromagnetic 

The sun is a source of electromagnetic radiation subtending ~ 32.0 
min. of arc (0.009931 radians) at 12 A.U (A.U = mean distance from the sun 
of the earth's orbit). At zero air mass (outside the atmosphere of the 
earth) the total irradiance is 1396 27 W/m* and is essentially con- 

stant (Ref. 1-11). The seasonal variation amounts to -3.27 percent at 
aphelion and +3.42 percent at perihelion. The time variation in the far 
UV x-ray, and radio-frequency region does not contribute any significant 
amount to the total irradiance. Figure 4.3-1 shows the spectn al dlst !l 1 ^" 
tion at zero air mass as well as that at sea level (Ref. 1-12) • Tab ] e 
4.3-1 shows the spectral distribution over various wavelength intervals 

(Ref. 1-11). 
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Figure 4.3-1 

Spectral Distribution Curves Related to the Sun; Shade Areas Indicate Absorption, at Sea Level Due 
to the Atmospheric Constituents Shown 
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Table 4.3-1 Spectral Distribution of Solar Radiation 


AX mi W/m J Total % AX nm W/m* Total % 


0-225 

0.41 

0.03 

225-250 

1.40 

0.13 

250-275 

4.20 

0.43 

275-300 

11.17 

1.23 

300-325 

19.10 

2.60 

325-350 

28.32 

4.63 

350-375 

30.87 

6.83 

375-400 

30.54 

9.02 

400-425 

46.93 

12.38 

425-450 

48.00 

15.82 

450-475 

54.12 

19.70 

475-500 

51.77 

23.41 

500-525 

48.50 

26.88 

525-550 

49.15 

30.40 

550-675 

47.91 

33.83 

575-600 

47.44 

37.23 

600-650 

86.49 

43.42 

650-700 

78.78 

49.06 

700-750 

71.02 

54.15 


750 - 800 

63.56 

58.70 

800 - 850 

56.65 

62.76 

850 - 900 

50.36 

66.36 

900 - 950 

44.72 

69.56 

950-1000 

39.71 

72.40 

1000-1050 

35.07 

74.91 

1060-1100 

31.63 

77.18 

1100-1500 

156.95 

88.42 

1500-2000 

80.90 

94.22 

2000-2500 

35.07 

96.73 

2500-3000 

17.45 

97.98 

3000-3500 

9.62 

98.67 

3500-4000 

5.68 

99.08 

4000-4500 

3.72 

99.34 

4500-5000 

2.28 

99.50 

5000-6000 

2.79 

99.70 

6000-7000 

1.47 

99.81 

7000-00 

2.67 

100.00 


Solar x-rays from the corona are most intense in the vicinity of 
flares, plages, and sun-spots. The intensity depends on general solar 
conditions, and in the absence of flares, the total emission below about 
50 A varies from average values of 0.13 to 1.0 ergs/cm s over a solar 
cycle. At solar minimum, with a quiet sun, the short wavelength limit is 
about 10 A while at solar maximum, with a quiet sun, it extends downward 
to about 6 A. Figure 4.3-2 shows emissions in the region 260 to 1300 A in 
1961 which was near the maximum of the moving 11 year mean of sunspot num 
bers (Ref. 1-12). Figure 4.3-3 shows emission associated with a large 
solar flare in 1969 extending down to 1 A (Ref. 1-13). 
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Figure 4.3-3 

X-ray spectrum associated with a large solar flare on Feb. 27, 1969 


4.3.2 Charged Particles 


The low energy charged particles were discussed in Section 4.2. 
Here the energetic particles in the environment will be considered. These 
arise from garlactic cosmic rays from outside the solar system, solar cos- 
mic rays from bursts (solar flares, etc.) from the sun, and the trapped 
radiation of the Van Allen belts. 

The galactic cosmic rays consist of approximately 85 percent pro- 
tons, 14 percent alpha particles and about 1 percent of heavier nuclei (Li 
to Fe). The galactic proton flux amounts to about 4 protons/cm 2 s, inde- 
pendent of energy in the 10 to 100 MeV energy range. Figure 4.3-4 com- 
pares solar and galactic energy spectra (Ref. 1-1). 

Solar cosmic rays consist of protons, alphas, and electrons of 
energies generally lower than galactic cosmic rays. Below 1 GeV kinetic 
energy (lGeV = 10 y eV) and down to about 1 MeV the integral flux of solar 
protons is about 10 5 greater than the galactic particles. Above 1 GeV 
there are fewer solar protons than galactic protons. The spectral repre- 
sentation of the proton integrated flux can be given by (Ref. 1-14). 

J(R) = 1.5 x 10^1 q(-RI88) 4.3-1 

where R is the magnetic rigidity, R = p/Z = momentum/unit charge, in Mv 
(million volts) and J is / cm 2 . Another model (Ref. 1-15) for the solar 
cosmic ray spectra is given in Table 4.3-2. 
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Solar 

Galactic 



Kinatic Enargy (MaV) 

Figure 4.3-4 

Energy Spectra of Protons from Several Moderate- 
Size Solar Events Compared with the Galactic Cos- 
mic Ray Spectrum at Solar Minimum (Refl-l ) 


Table 4.3-2 Model Solar Cosmic Ray Spectra 


Protons: 

N p 

<>T) - 

7.25 x 10 l 1 
3.54 x 10 n 
2.64 x 10 l 1 

T 1,2 
*P(T)/67 

# -P(T)/73 

1 M.V<T<10M«V 
10M«V<T<30M»V 
T>30 M«V 

Alphas: 

N<* 

(>T) 

NpOT) 
7.07 xIO 1 3 

T * 2 ' 1 4 

T <30 M«V 
T>30M«V. 


T * kinatlc anargy * 6 * m 0 c 2 
P • RZ * momantum 
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These cosmic rays are shielded from particular latitudes by the 
Earth's magnetic field. In the dipole approximation, the minimum rigidity 
that can reach a particular location depends on (Ref. 1-16): 


4 

, _ 60cos Q 

min “ , 2 ri ^ 3 ,1 /2n 2 

L [1 + (1 - cos ecosy) J 


G V 


where 
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L = radial distance in Earth radii; 

e = latitude; and 

y = half angle of allowed cone of arrival direction about the nor- 
mal to the meridian plane. 

Figure 4.3-5 shows a geomagnetic exposure map for solar protons 
(for a spacecraft in circular orbits) assuming all solar protons are ex- 
cluded from the magnetosphere at latitudes less than 63.4° (r < 5) and all 
solar protons have free access above that latitude. The region under the 
zero percent curve encompasses orbits that are completely inaccessible. 
Below 1000 km the inaccessible region reaches up to an orbit inclination 
of about 50 . Thus only orbits with tilts greater than 50* will encounter 
solar protons from 0 to about 32 percent of their lifetime. 

The energetic electrons and protons trapped in the Van Allen radia- 
tion belts will produce the majority of the radiation damage in an orbit 
as the Shuttle moves through the South Atlantic Anomaly. Figure 4.3-6 
shows the anomaly and the path of several orbits, and Figure 4.3-7 shows 
the flux history over a 24 hour period in a 593 km orbit at 28.8* inclina- 
tion (Ref. 1-17). The results of Figure 4.3-7 were calculated by the 
Vette model (Ref, 1-18 and 1-19) which is the generally used model for 
such calculations. Passage through the anomaly last about 15 minutes at 
the lower altitudes. Figures 4.3-8 and 4.3-9 show the trapped fluxes for 
electrons and protons at 28.8* as a function of energy and altitude. 

The motions of the particles are depicted in Figure 4.3-10. In the 
"guiding center" approximation the motion is separable into three compo- 
nents (Ref. 1-20). The first component is a circular motion perpendicular 
to the magnetic field lines with the local cyclotron period Ti, and 
cyclotron radius R c where (in gaussian units) 


4.3-3 

mass, charge, and velocity component 


T 2irmC n Vj.mC 

1 =- 5b” 

where m, e, and v_i. are the particle 
perpendicular to the field lines. 
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Figure 4.3-7 Flux History over 24-Hour Period (539-km Circular Orbit at 28.8? Inclination ) 
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Figure 4.3-10 

Schematic representation of adiabatic charged particle motion 


The second component is a motion along the field lines in the di- 
rection of increasing flux density to a point at which the particle is 
reflected. This is the mirror point, and it then returns to the other 
mirror point, called the conjugate point, in the opposite hemisphere. 
This oscillatory motion has a period Tg, substantially longer than Tj. 

Since the magnetic field is static, the total energy E of the par- 
ticle is conserved and the total flux through the circular orbit is con- 
stant. This "first adiabatic invariant" is 


l/2mv 2 sin 2 a 


= constant (non-relativistic particles) 

4.3-4 


_2 . 2 


— S p n a = constant (relativistic particles) 


4.3-5 


where p is the momentum of the particle and a is the angle between the 
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4.3-6 


velocity and field. It then follows that 

.2 .2 

sin sin <*2 


where the subscripts refer to any two points along the particle trajectory. 
If the points chosen are at the equator and mirror point, it follows that 


= ~~T 

o sm a Q 

where B m is the field at the mirror point and B 0 and a 0 are the 
values of the equator. Particles which have values of a 0 so small that 
Bm will be at an altitude near 100 km will be removed by atmospheric 
scattering. 


A second "adiabatic invariant" associated with the motion between 
the mirror points is 

J = mv„ ds 4.3-8 

where Vn is the velocity component along the field lines and the integral 
is along the line over a complete oscillation between the mirror points. 

The third motion is a slow drift in longitude with a period T3 
where electrons drift eastward and protons westward. The particle trans- 
fers slowly from one flux tube to another until it returns to its original 
flux tube. This process generates what is known as a magnetic shel 1 (sur- 
rounding the earth and open at both ends). The "third invariant" of mo- 
tion requires the total number of flux lines passing through this shell to 
be constant. This statement is trivial for a static field and is impor- 
tant only for (slowly varying) time-dependent fields. 

Three periods for typical trapped particles are given in Table 

4.3-3. 


Protection against radiation damage can be made with an absorber. 
Figure 4.3-11 shows the total dose rate (protons, electrons, Bremsstrah- 
lung and cosmic rays) behind a spherical aluminum shell # for various thick- 
nesses of aluminum as a function of altitude for 28.5 inclination. It 
can be noted that at present Shuttle altitudes (200 to 400 km) at rather 
low inclinations the dose rate is quite low even without protection. 
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Table 4 .3-3 

Gyroradii and Periods of the Motions of Particles 
in the Guiding Center Approximation * 


! 

in 

R 


R c (cm) 

T i (sec) 

T 2 (sec) 

T 3 (min) 

Electrons 

4.7 x 10 3 




50 keV 

4.2 x 10' 6 

.30 

710 

500 keV 

1.8 x 10 4 

7.7 x 10’ 6 

.14 

90 

5 MeV 

1.1 x 10 s 

4.2 x 10' 5 

.12 

12 

Protons 
100 keV 

2.8 x 10 s 

7.1 x 10' 3 

8.4 

340 

1 MeV 

8.8 x 10 s 

7.1 x 10' 3 

2.7 

34 

10 MeV 

2.8 x 10 6 

7.2 x 10' 3 

.85 

3.4 

500 MeV 

2.2 x 10 7 

1.1 x 10' 2 

.16 

.082 

L • 4.0 


R (cm) 
c 

T x (sec) 

T 2 (sec) 

T 3 (min) 

Electrons 





50 keV 

9.0 x 10 4 

8.1 x 10 s 

.79 

270 

500 keV 

3.4 x 10 s 

1.5 x 10' 4 

.38 

34 

5 MeV 

2.1 xIO 6 

7.9 x 10' 4 

.33 

4.6 

Protons 
100 keV 

5.3 x 10 6 

1.3 xIO* 1 

22.0 

130 

1 MeV 

1.7 x 10 7 

1.3 x 10' 1 

7.1 

13 

10 MeV 

5.3 x 10 7 

1.4 x 10' 1 

2.3 

1.3 

500 MeV 

— 

— 

— 


•The gyroradii and periods have been computed according to the 
formulas of Hamlin, Karplus, Vik, and Watson. J. Geophys. 

Res., 66.1-4 (1961). A dipole field is assumed. The periods are 
calculated for particles which mirror at a geomagnetic latitude 

of 30. The gyroradius is given for the instant at which the 

1 particle crosses the geomagnetic equator. 


1 


4.4 MAGNETIC AND ELECTRIC FIELDS 
4.4.1 Magnetic Fields 

The geomagnetic field is characterized (at any point) by its direction and 
magnitude. These are specified by two direction angles and the magnitude 
by its three perpendicular magnitudes. The magnitude can be given in 
Oersted (magnetic intensity) or a gauss (magnetic induction). The fie 
is less than one oersted so that the gamma unit is often used: one gamma 
equals 10~5 oersted or 10~5 gauss. 
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Some of the angles (D and I) and the components (X, Y, Z) commonly 
used are shown in Figure 4.4-1. The vector geomagnetic field T has the 
magnitude _F_, the total intensity or total field. The horizontal vector 
component H has the magnitude H, the horizontal intensity. The vertical 
vector component Z has the vertical magnitude Z. The northward, eastward 
and downward components X, Y, Z are_the Cartesian components of the field.’ 
The magnitude of the angle between H and X is the declination 0. The maq- 
nitude of the angle between H and F is the inclination or dip. 


TO 6 


X 




O: declination 

I: inclination 


Figure 4.4-1 Definition and Sign Convention for the Magnetic Elements 


The field has been varying drastically over geological time. The 
portion which varies with a period greater than about a year is considered 

as the steady field while the remainder is considered as the variation 
field. 


Most of the steady field arises from sources below the surface of 
earth (excluding induced currents in the earth by external sources) and is 
known as the main field. About ten percent of the main field consists of 
large-scale anomalies (up to thousands of kilometers) and small-scale 
irregularities (on the order of 10 kilometers). These are termed the 
;T esld ^ a1 field. The slow change in the main field, with time constants of 
tens to thousands of years, is called the secular variation 
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The variation fields consist of the quiet variation and the dis- 
turbed variation field. The quiet fields resuTT"from periodic variations 
in gravity force, solar illumination, and compression or other modifica- 
tion by solar-wind effects. These vary diurnally and seasonally. The 
so-called Sq (solar quiet) variation field results from solar electromag- 
netic radiation which heats and ionizes the atmosphere which in turn pro- 
duces convective flow and high conductivity in the ionosphere. The motion 
of a conducting fluid in the presence of the mainfield generates currents 
which produce the Sq field. At most, the peak-to-peak amplitudes of this 

field are of several tens of gammas at the surface. The tidal flow of the 

atmosphere from the luni-solar qravitation field generates the so-called L 
(lunar daily) field with an amplitude at the surface of about a tenth or 
that of the Sq field. Another contribution rises from the confinement of 
the main field by the solar wind. This compression is stronger in the 
daytime leading to a diurnal variation of a few gammas at the surface. In 
more distant regions of the magnetosphere, it is dominant, completely 
altering the field configuration. 

The disturbed variation fields do not have a simple periodicity and 

seem to result from changes in the interplanetary environment. They are 

also termed the geomagnetic disturbance or the D field and are those 
fields which remain after the steady and quiet variation fields have been 
subtracted from the total. Details of these fields are discussed in Re- 
ference 1-21. 

An approximation to the geomagnetic field near the Earth's surface 
(up to about 2000 km) is an Earth centered dipole with its axis tilted to 
78.5*N, 291. 0*E for the geomagnetic north pole and its geomagnetic south 
pole at 78.5’S, 110 # E. In spherical coordinates r, e and 4 > , the magnetic 
scalar potential in a spherical-harmonic expansion is (Ref. 1-22) 

® n m R n+1 m m R -n m . 

V-RpEXX (cose)t(-f) (g n cosm,+h slnm^W-jr) (A^osm^sinm,)] 
e n=ltiteO 4.3-9 

where r, e, and 4 are the geographical polar coordinates of radial dis- 
tance, colatitude (dipole axis), and. east latitude, and Re is the radius 
of the Earth. The functions P n m (cose) are the Schmidt functions 


«.("-*>! » 2 r (l-COj V' 2 - 


d(cose) 1 


-](cos 2 e-l) n 


4.3-10 


e m = 2 if m > 0 
e m = 1 if m = 0 

The mean-square value of P n m (cose) integrated over the sphere is 
(2n+l)~l/2. 
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In the potential, the terms containing g n m and h n m are 
from sources internal to the Earth and the terms containing A n m and 
B n m arise from external currents. The potential function is valid in 
the space above the surface and below the external current rupture. The 
field then is 


u = -w 4.3-11 

with northward, eastward, and downward components 

Y _ _1 3V 

r 3o’ 

Y = 7c -i™ S. and 

rsine 30* 


Discussion, values of Schmidt coefficients, and computer programs to cal- 
culate the field are given in References 1-23 through 1-26. Figure 4.4-2 
shows contours of constant field intensity F for the year 1965. 

4.4.2 Electric Field 

In the presence of the magnetic field, the electric field that is observed 
depends on the frame of reference in which it is measured. Let Ei and 
Bj be the fields in frame 1, then in a second frame, frame 2, moving 
with a velocity v « c (c is the velocity of light) relative to frame 1. 
then (Ref. 1-16) 

e 2j- = E l->- + (v/c)B (cgs units) 4.3-14 


where B 2 = B]_, 


^2" = Eln » and 

where _l and „ are the perpendicular and parallel components, respec- 
tively, measured with respect to B. In more useful limits 

E 2 -l( volts/m) = E]j.(volts/m) + v(m/s) »B( gauss) 

10 * 

In the lower ionosphere where the plasma is partly tied to the neu- 
trals by high collision rates an electric field may exist in the neutral 
frame. The current, J, is given by (Ref. 1-25) 

CwO 

J = OpEj. - a h -g-* an En 4.3-15 

where 


op = Pedersen conductivity, 

0 ^ = Hall conductivity, and 

on = intrinsic or parallel conductivity. 
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Figure 4.4-2 Contours of Constant F (Total Field) for IGRF 1965.0 


Figure 4.4-3 shows typical conductivities as a function of altitude. 
There are various analytical models given in Reference 1-26 which give 
both the spatial and temporal dependence. 
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Figure 4.4-3 

Typical Variation of the Ionospheric Conductivities with Height for a 
Nighttime Ionosphere (Ref 1-15) 
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APPENDIX A 


SPACECRAFT MATERIALS PROPERTIES 

It is beyond the scope of this or any handbook to present a com- 
plete list of properties for all the materials an experimenter might like 
to use in constructing a Spacelab experiment. Instead, references where 
properties may be located will be presented. 

In the area of outgassing. Reference J-l presents a standardized 
test technique for determining the total vacuum weight loss and condensi- 
ble percentages in a 24 hour period. Reference J-2 presents test results 
for thousands of materials which have been tested. To be approved, a ma- 
terial must have less than 1 percent TWL and less than 0.1 percent VCM. 

For oxidation and glow, the most complete compilation of properties 
data is contained in Section 3 of this Handbook. 

For optical properties. Reference J-3 presents properties for seve- 
ral thousand materials. Reference J-4 presents properties for materials 
with specific aerospace applications 

Materials Properties References 

J-l. Leger, L. J., "General Specification Vacuum Stability Requirements of 
Polymeric Materials for Spacecraft Application", SP-R-0022A, NASA JSC, 
Houston, Texas, 9 September 1974. 

J-2. "Compilation of VCM Data of Nonmetallic Materials", JSC 08962, Rev. 
U, with Addenda, MDTSCO, Houston, Texas. 

J-3. Touloukian, Y. S. (ed.), and C. Y. Ho (tech, ed.), "Thermophysical* 
Properties of Matter", Vol. 1-13, Thermophysical Properties Research Cen- 
ter, Purdue University. 

J-4. Touloukian, Y. S., and C. Y. Ho (eds.), "Thermophysical Properties of 
Selected Aerospace Materials, Part 1, Thermal Radiative Properties", Ther- 
mophysical Properties Research Center, Purdue University, 1976. 
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